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I- 

S/N Ratio 

► Signal-to-Noise Ratio 


I- 

Sacral Hiatus 

Definition 

A normally occurring gap at the lower end of the sacrum. 
It is closed by the sacrococcygeal ligament, and provides 
access to the sacral epidural space for administration of 
anesthetics. 

► Epidural Infusions in Acute Pain 


I- 

Sacroiliac Injury 

► Sacroiliac Joint Pain 


I- 

Sacroiliac Joint 

Definition 

The sacroiliac joint lies next to the spine and connects the 
sacrum (the triangular bone at the bottom of the spine) 
with the pelvis (iliac crest). 

► Chronic Low Back Pain, Definitions and Diagnosis 

► Lower Back Pain, Physical Examination 
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Synonyms 

Sacroiliac Joint Injection; intra-articular sacroiliac joint 
injection; Intra-Articular Sacroiliac Joint Block 


Definition 

Intra-articular injection of local anaesthetic into the 
sacroiliac joint (SIJ) under controlled conditions, is a 
diagnostic test that is used to confirm or deny that the 
SIJ is the source of a patient’s pain. 

Characteristics 

Principles 

The explicit purpose of a SIJ block is to test if a patient’s 
pain is relieved by anaesthetizing the joint targeted. The 
block tests the hypothesis that perhaps the pain arises 
from the SIJ. If pain is not relieved, the target joint cannot 
be regarded as mediating the patient’s pain, whereupon, 
a new hypothesis about the source of pain is required. 
If pain is relieved, the response constitutes prima facie 
evidence that the targeted joint is the source of the pa¬ 
tient’s pain; but steps need to be taken to ensure that the 
observed response is not false-positive. A positive re¬ 
sponse occurs when there is complete relief of a defined 
region of pain. The block need not relieve every area of 
pain, for a diagnosis of SIJ pain does not preclude other 
sources giving rise to pain in other areas. Remaining ar¬ 
eas of pain may be targeted separately, using other in¬ 
vestigations. 

Setting 

The procedure is conducted using a C-arm fluoroscope, 
with the patient lying face down on a radiolucent table. 
No sedation is required. Needle placement and spread 
of contrast medium is documented with hard-copy films 
or an image on specialized paper. 

Technique 

The procedure is performed using a strict aseptic tech¬ 
nique, with the physician using sterile gloves. The skin 
of the back is cleansed using an iodine-based solution, 
chlorhexidine, or an alcohol-based antiseptic. A 90 mm 
25 gauge spinal needle is optimal. Local anaesthetic 
agents, typically bupivacaine 0.5% or lignocaine 2%, 
are injected. Contrast medium is required to verify 
intra-articular placement of the needle. 

The target point lies along the inferior, posterior aspect 
of the joint, approximately 1-2 cm cephalad of its most 
inferior end. The C-arm of the fluoroscope is rotated until 
the medial cortical line of the medial silhouette of the SIJ 
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Sacroiliac Joint Blocks, Figure 1 An AP radiograph of a sacroiliac joint 
arthrogram. The needle lies in the inferior end of the joint cavity. The arrows 
indicate contrast medium that has spread throughout the joint cavity. 


is maximally crisp. Once the inferior, posterior margin 
of the joint has been isolated radiographically, the target 
point is selected. The puncture point directly overlies the 
target (Dreyfuss et al. 1994, Schwarzer et al. 1995). 
The needle is directed through the puncture point to¬ 
wards the target point, but aiming initially at the sacrum. 
The needle is then withdrawn slightly and redirected 
towards the joint space a few millimetres cranial to its 
lower end. Once the needle has entered the joint space, 
intra-articular placement must be confirmed with an 
injection of a small volume (0.3 - 0.5 ml) of contrast 
medium. If the needle has been correctly placed, upon 
injection the contrast medium will outline the joint 
space (Fig. 1). Local anaesthetic is then injected and 
continued until there is a firm resistive endpoint. No 
more than 1.5 ml of local anaesthetic is used. 

Complications 

Like any invasive procedure, SIJ blocks carry the nom¬ 
inal risk of infection, bleeding and allergic reaction. 

Evaluation 

After completion of the procedure, the response is eval¬ 
uated. A validated pain measure such as the visual ana¬ 
logue pain scale is used. Information is obtained at half 
hourly to hourly intervals for at least four hours after the 
procedure. An independent assessor also records the re¬ 


sponse before, and half an hour after, the procedure. A re¬ 
sponse is considered positive if there is greater that 75%, 
and ideally greater than 90%, relief from the injection. 
The duration of relief must be consistent with the known 
duration of action of the local anaesthetic used. If the 
patient has a positive response then a second, or confir¬ 
matory, block is performed on a different day. 

Application 

SIJ blocks are used in patients with low back pain that is 
maximal below the topographic level of the L5 vertebra. 
The patient may or may not have somatic referred pain 
in the lower limb. The pain must have failed to resolve 
with conservative means and with the passage of time. 

Validity 

Intra-articular SIJ blocks have face validity. An injec¬ 
tion of contrast medium followed by up to 1.5 ml of 
local anaesthetic will remain within the joint and not 
anaesthetise any other structure. A volume exceed¬ 
ing 2.5 ml will leak through the joint capsule, thereby 
anaesthetising structures posteriorly and/or anteriorly 
(Fortin et al. 1994, Fortin and Tolchin 1993). If an 
injection of local anaesthetic into the joint results in 
complete relief of the patient’s usual pain, then there 
is evidence to suggest that the pain stems from the SIJ. 
However, this does not constitute proof that the SIJ is 
the source of pain. There is the risk of false-positive 
responses. Patients may report relief of pain for reasons 
other than the action of the agent injected. In order to 
avoid or to reduce false-positive diagnoses based on the 
results of SIJ blocks, these blocks should be subjected 
to some form of control. 

A compelling form of control is the injection of a placebo 
agent such as normal saline, but this would require in¬ 
formed consent, and patients might object to undergoing 
a sham procedure. An alternative form of control is to 
anaesthetise the joint on separate occasions using agents 
with different durations of action. This form of control, 
known as comparative local anaesthetic blocks, has been 
validated in the context of peripheral nerve blocks, hut 
it has not been validated in the context of intra-articular 
blocks (Barnsley et al. 1993, Lord et al. 1995). It is not 
known whether local anaesthetic agents exhibit the same 
duration of action when injected intra-articularly, as they 
do when injected into or onto more superficial tissues. 
Nevertheless, comparative blocks have some degree of 
concept validity and strict content validity. Their critical 
utility arises when repeat blocks fail to relieve the pa¬ 
tient’s pain. In that event, they demonstrate that the first 
response was false-positive, and thereby reduce false¬ 
positive diagnoses based on single blocks. 

An alternative idiom is the use of anatomical controls. 
A positive response to a SIJ block is more compelling 
if the patient has previously had negative responses to 
zygapophysial joint blocks, and/or lumbar discogra¬ 
phy (Schwarzer et al. 1995). Such patterns of response 
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do not absolutely rule out the chance of a placebo- 
response, but the fact that the patient has not exhibited 
a placebo-response during earlier investigations, intu¬ 
itively increases the credibility of their response. 

Using anatomical controls, Schwarzer et al. (1995) 
estimated that in patients with chronic low back pain, 
the source of pain could be traced to the SIJ in 13% of 
cases (95% confidence interval: 6% to 20%). Maigne et 
al. (1996) used controlled diagnostic blocks, and found 
a prevalence of 19% (95% Cl: 9% to 29%). 

In the absence of any other valid, diagnostic tests, con¬ 
trolled SIJ blocks constitute the only available means 
of establishing a diagnosis of SIJ pain. There have been 
no studies of the validity of pain radiographs using con¬ 
trolled diagnostic blocks as the criterion standard. CT 
analysis of the SIJ has limited value as judged against 
diagnostic intra-articular SIJ injections due to poor sen¬ 
sitivity and specificity (Elgafy et al. 2001). There are no 
studies of the diagnostic validity of MRI imaging for 
SIJ pain. Bone scintigraphy demonstrated a specificity 
of 90-100%, but poor sensitivity (Slipman et al. 1996; 
Maigne et al. 1998). No specific features on history 
or physical examination features have been validated 
scientifically, which accurately identify a painful SIJ 
(Schwarzer et al. 1995). None of the commonly used 
items of history, or physical examination tests that are 
purported to diagnose SIJ pain have been validated. 
(Dreyfuss et al. 1994; Dreyfuss et al. 1996). Patterns of 
referred pain are not diagnostic of SIJ pain Schwarzer 
et al. 1995). However, it has been established by sev¬ 
eral investigators that, in patients with SIJ pain, pain 
is always maximal below L5 (Schwarzer et al. 1995; 
Fortin et al. 1994; Fortin et al. 1994). Pain maximal 
above L5 is highly unlikely to be of SIJ origin. 

Utility 

SIJ blocks have diagnostic utility, in that if and once pos¬ 
itive, they identify the source of pain. SIJ blocks have 
limited therapeutic utility. There is no proven treatment 
for SIJ pain if and once it is diagnosed. 

Injections of corticosteroids into the SIJ have been 
shown to be efficacious in the treatment of sacroili- 
itis, due to various spondyloarthropathies in most, but 
not all, controlled and observational outcome studies. 
These studies imply a therapeutic role for intra-articular 
SIJ corticosteroid injections when the diagnosis of true 
sacroiliitis has been established (Maugars et al. 1992; 
Maugars et al. 1996). One retrospective, uncontrolled 
case series on the use of IA corticosteroids exists 
for those with documented idiopathic SIJ pain with 
promising results (Slipman et al. 2001). Uncontrolled, 
observational reports suggest some benefit from the use 
of extra-articular corticosteroids for presumed SIJ pain. 


The cardinal indication for SIJ blocks is the need to know 
if a patient’s pain is arising from a SIJ or not. SIJ blocks 


may be performed in the course of the systematic inves¬ 
tigation of low back pain, or when there is, a priori, a 
high index of suspicion that the joint is painful. 
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Synonyms 

Sacroiliitis; Sacroiliac Injury; Lower back pain 

Definition 

Sacroiliac (SI) joint pain is defined as back discomfort 
in the area of the SI joint, where the spine and pelvis 
meet (Tanner 1997). This pain may be the result of an 
underlying condition or trauma leading to nerve damage 
and bone ► necrosis. 

Characteristics 

Background 

Sacroiliac joint syndrome (SIJS) was a common diagno¬ 
sis for low back pain in the early 1900’s (Tanner 1997). In 
1932, however, the discovery of vertebral disc herniation 
altered the diagnosis and management of backpain. Cur¬ 
rently, SIJS is difficult to distinguish from other types of 
low back pain and, as a result, is often overlooked. Nev¬ 
ertheless, SIJS remains an important contributor to dis¬ 
ability, accounting for nearly 20% of chronic low back 
pain cases (Maigne et al. 1996). 

Anatomy 

The SI joints exist bilaterally and hinge the lower half 
of the skeleton by connecting the ► sacrum to the 

► ilium (Bogduk 1995). Their ► articular surfaces are 
integrated and covered by a combination of ► hyaline 
cartilage and ► fibrocartilage. Not designed for motion, 
these joints commonly fuse with age and are difficult 
to examine. Although the SI joints typically move only 
two to three millimeters during exertion, they may be 
mobilized by certain therapeutic positional exercises. 
Limited movement enables the SI joints to absorb shock 
and act as ► fulcrums during ambulation (Bowen and 
Cassidy 1981). 

Medical History 

The most classic presentation of SIJS is medial buttock 
discomfort, with sacral sulcus pain nearly always being 
present (Fortin et al. 1994). A distinguishing feature for 
this syndrome is a lack of pain above the L-5 level (Fukui 
and Nosaka 2002). Patients may also complain of re¬ 
ferred pain to the hip, groin, abdomen, thigh, or calf. 


Physical Exam 

Physicians need to rule-out other potential causes of 
lower back pain, including disk disease, ► spinal steno¬ 
sis, degenerative hip joint disease, and posterior facet 
syndrome (Bogduk 2004). With SIJS, full lumbar spine 
and hip range of motion are expected. Furthermore, neu¬ 
rological examination is usually normal, with negative 
nerve-root tension signs. ► Gluteus medius weakness 
may be found and is often combined with tightness in 
the ► piriformis muscle and ► quadratus lumborum 
(Calvillo et al. 2000). 

Diagnostic Testing 

No single test accurately identifies SIJS. Diagnostic 
examination aims to detect abnormal movement in the 
SI joint and elicit pain by stressing adjacent structures, 
such as the lumbar spine, hip joint, and femoral or 
sciatic nerves (Cibulka and Koldehoff 1999). Of note, 
the thigh thrust and Gaenslen’s sign have the greatest 
predictive value and should be used in combination. 
Other diagnostic tests that may be implemented during 
physical exam include the Distraction test, Sacroiliac 
shear test, Patrick’s test, and Compression test. 

Radiology 

Conventional X-ray and computed tomography (CT) 
are rarely useful in evaluating possible SIJS. Bone scans, 
despite their high ► specificity, are not recommended 
for the diagnostic workup of SIJS due to their low 

► sensitivity (Esdaile and Rosenthall 1983). Similarly, 
MRI has a high sensitivity and allows visualization of 
soft-tissue anatomy, yet is of limited value due to its low 
specificity (Bigot et al. 1999). With this in mind, the 
gold standard for the diagnosis of SIJS is provocative 
injection under fluoroscopic guidance (Prather 2003). 
More specifically, this technique confirms the diagnosis 
of SIJS by inducing pain upon injection, followed by 
symptom relief with an anesthetic block. This is the 
most reliable method for establishing the diagnosis of 
SIJS and allows immediate radiographic interpretation. 
It is an invasive procedure, however, and should be 
used once less complicated and invasive therapeutic 
measures are exhausted. 

Differential Diagnosis 

Numerous conditions may mimic SIJS (Miller 1973). 
For instance, sacral stress fractures should be con¬ 
sidered in athletes with chronic pain in this region. 

► Spondyloarthropathies often begin with symptoms 
of sacroiliitis (Khan and van der Linden 1990). ► Anky¬ 
losing spondylitis and spondyloarthropathy associated 
with inflammatory bowel disease may also produce 
findings consistent with SIJS. In addition, ► Psoriatic 
arthritis, ► Reiter’s syndrome, ► Myofascial pain, and 
Osteitis condensans ilii are other potentially confound¬ 
ing diagnoses that may present with sacroiliitis. 
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Treatment Options 

First line treatment for sacroiliac joint disease should 
consist of conservative therapy. To begin with, patients 
should avoid any activities, including athletic endeavors, 
which aggravate symptoms. In addition, patients should 
be advised to take anti-inflammatory medications for 
pain relief. Irrespective of their analgesic effects, these 
medications are beneficial in reducing regional inflam¬ 
matory processes that may cause symptoms. Therefore, 
patients should continue on these medications as long 
as they are efficacious. 

Physical therapy is another key component of con¬ 
servative treatment, as strengthening the musculature 
surrounding the SI joint may help increase flexibility 
and protect from further injury. Rehabilitation must 
address functional biomechanical deficits with exercise 
regimens that stabilize the SI joints against large shear 
stresses (Prather 2003). These targeted exercises may 
be used in combination with therapeutic joint mobi¬ 
lization to counter muscle disability or abnormal shear 
forces. Abnormal posture or leg-length discrepancy 
must also be treated, as this condition is associated with 
detrimental positioning of the sacrum. If leg-length 
discrepancy is detected on the physical exam, orthoses 
and heel lifts can help correct this deformity. 

If conservative treatments fail, ► Corticosteroid In¬ 
jections may be effective. This procedure delivers 
concentrated anti-inflammatory medication directly 
into the sacroiliac joint for prolonged pain relief. As 
the SI joint lies deep within the pelvis, these injections 
are usually given under X-Ray guidance in a hospital 
setting (Bellaiche 1995). 

Conclusion 

SIJS remains a diagnostic challenge. After ruling 
out other potential sources of pain, a combination 
of provocative maneuvers and diagnostic injections has 
proven reliable in the evaluation of SIJS. If conserva¬ 
tive management consisting of physical therapy does 
not foster recovery, fluoroscopically guided injection 
of analgesics into the SIJ should be considered for 
both diagnostic confirmation of the pain source and 
symptomatic improvement. 

References 

1. Bellaiche L (1995) Cortisone Injection into the Sacroiliac Joint. 
Ann Radiol 38:192-195 

2. Bigot J, Loeuille D, Chary-Valckenaere I et al. (1999) Determi¬ 
nation of the Best Diagnostic Criteria of Sacroiliitis with MRI. 
J Radiol 80:1649-1657 

3. Bogduk N (1995) The Anatomical Basis for Spinal Pain Syn¬ 
dromes. J Manipulative Physiol Ther 18:603-605 

4. Bogduk N (2004) Management of Chronic Low Back Pain. Med 
J Aust 180:79-83 

5. Bowen V, Cassidy JD (1981) Macroscopic and Microscopic 
Anatomy of the Sacroiliac Joint from Embryonic Life until the 
Eighth Decade. Spine 6:620-628 

6. Calvillo O, Skaribas I, Tumipseed J (2000) Anatomy and Patho¬ 
physiology of the Sacroiliac Joint. Curr Rev Pain 4:356-361 


7. Cibulka MT, Koldehoff R (1999) Clinical Usefulness of a Cluster 
of Sacroiliac Joint Tests in Patients with and without Low Back 
Pain. J Orthop Sports Phys Ther 29:83-89; discussion 90-82 

8. Esdaile J, Rosenthall L (1983) Radionuclide Joint Imaging. 
Compr Ther 9:54-63 

9. Fortin J D, Aprill C N, Ponthieux B et al. (1994) Sacroil¬ 
iac Joint: Pain Referral Maps upon Applying a New Injec¬ 
tion/Arthrography Technique. Part II: Clinical Evaluation. 
Spine 19:1483-1489 

10. Fukui S, Nosaka S (2002) Pain Patterns Originating from the 
Sacroiliac Joints. J Anesth 16:245-247 

11. Khan MA, Linden SM van der (1990) A Wider Spectrum of 
Spondyloarthropathies. Semin Arthritis Rheum 20:107-113 

12. Maigne J Y, Aivaliklis A, Pfefer F (1996) Results of Sacroiliac 
Joint Double Block and Value of Sacroiliac Pain Provocation 
Tests in 54 Patients with Low Back Pain. Spine 21:1889-1892 

13. Miller DS (1973) Low back pain. Differential Diagnosis Deter¬ 
mines Treatment: Hospitalization Enables more Efficient Treat¬ 
ment. Med Trial Tech Q 20:1-41 

14. Prather H (2003) Sacroiliac Joint Pain: Practical Management. 
Clin J Sport Med 13:252-255 

15. Tanner J (1997) Sacroiliac Joint Pain. Spine 22:1673-1674 

I- 

Sacroiliac Joint Radiofrequency 
Denervation 

Way Yin 

Department of Anesthesiology, University of 
Washington, Seattle, WA, USA 
wyin@nospinepain.com 

Synonyms 

Sacroiliac Joint Neurotomy; Sacroiliac Joint Denerva¬ 
tion; Sacroiliac joint radiofrequency; Sensory Stimu¬ 
lation-Guided Radiofrequency Neurotomy; Stereotac¬ 
tic Sacroiliac Joint Denervation 

Definition 

Sacroiliac joint radiofrequency denervation is a treat¬ 
ment for low back pain originating from the sacroiliac 
joint complex (SIJC). Radiofrequency (RF) current is 
channeled through percutaneous electrodes to coagulate 
sensory nerves from the SIJC. Coagulation of these sen¬ 
sory nerves disrupts the transmission of nociceptive sig¬ 
nals from the SIJC, thereby relieving pain. 

Characteristics 

Mechanism 

► Radiofrequency neurotomy achieves relief of pain 
by coagulating sensory nerves that are conducting 
nociceptive information from a painful structure (see 

► Radiofrequency Neurotomy, Electrophysiological 
Principles). 

Indications 

Sacroiliac joint radiofrequency denervation is a struc¬ 
ture-specific therapeutic intervention, specifically for 
the treatment of chronic back pain arising from the 
sacroiliac joint complex. SIJC RF should only be con¬ 
sidered in patients who have demonstrable pain arising 
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from the sacroiliac joint, and in whom other structural 
sources of low back pain have been eliminated (e.g. 
zygapophysial joints, intervertebral discs). 
Demonstration of SIJC pain requires the patient to ex¬ 
perience complete or near complete relief of pain fol¬ 
lowing controlled local anesthetic blocks of the SIJC. 
Response to a single anesthetic injection of the SIJC is 
insufficient to j ustify proceeding with denervation, as the 
rate of false-positive responses to single anesthetic injec¬ 
tions may exceed 35% (Barnsley et al. 1993; Schwarzer 
et al. 1994). SIJC RF should only be considered in the 
absence of specific contraindications to therapeutic in¬ 
tervention. 

Technique 

Any attempt to denervate the SIJC requires a detailed un¬ 
derstanding of relevant sensory neuroanatomy. The pri¬ 
mary sensory neuroanatomy of the SIJC is currently felt 
to arise from the dorsal rami of L5-S3 (Grob et al. 1995; 
Fortin et al. 1999; Willard et al. 1998). Numerous lat¬ 
eral branches of the segmental dorsal rami form a lat¬ 
eral dorsal sacral plexus, and branches from this plexus 
travel laterally in a complex and highly variable three di¬ 
mensional topography, to ultimately supply sensation to 
the deep interosseous ligaments and the sacroiliac joint 
proper. These nerves constitute the target for denerva¬ 
tion of the SIJC. 

Several techniques for denervation of the SIJC by ra¬ 
diofrequency neurotomy have been described (Gevargez 
et al. 2002; Kline 1992; Lennard 2000; Ferrante et 
al. 2001; Yin et al. 2003), all of which utilize fluoro¬ 
scopic (Lennard 2000; Ferrante et al. 2001; Kline et al. 
1992; Yin et al. 2003) or CT guidance (Gevargez et al. 
2002 ). 

The first technique described to denervate the SIJC is 
attributed to Kline (Kline 1992). He performed serial 
bipolar radiofrequency lesions along the medial aspect 
of the posterior ilium on the dorsal sacral plate (Fig. 1). 
Other techniques have used single lesions along the 
medial sacral ala and lateral aspect of the first dorsal 


sacral foramen (Gevargez et al. 2002), or along the 
lateral margins of the S1-S3 dorsal sacral foramina 
(Lennard 2000). 

A technique based on the neuroanatomy of the dor¬ 
sal sacral plexus, and incorporating patient-blinded, 
sensory stimulation to select symptom-bearing lat¬ 
eral branch nerves has recently been described (Yin 
et al. 2003). This sensory stimulation guided (SSG) 
technique is based on the known neuroanatomy of the 
dorsal sacral plexus, and has produced the most favor¬ 
able outcomes of all techniques to date (Yin et al. 2003). 
The SSG technique involves inserting a needle electrode 
into the vicinity of each of the lateral branches of the 
sacral dorsal that may be mediating the patient’s pain 
(Yin et al. 2003). A stimulating currentis passed through 
the electrode, in an effort to reproduce the patient’s pain. 
The patient is asked to report any responses to stimula¬ 
tion, and must be able to discriminate between reproduc¬ 
tion of concordant pain and non-painful paresthesiae. 
Reproduction of the patient’s pain indicates that a nerve 
that mediates the pain has been located. Wherever a 
symptomatic nerve is identified with reproducible low 
voltage sensory stimulation, it is thermocoagulated 
with the electrode. 

Sensory mapping is undertaken systematically across 
the medial sacral ala and the lateral aspects of the 
dorsal sacral foramina, in order to find all nerves that 
may be involved (Fig. 2A-D). Symptomatic nerves are 
nearly always identified from L5 and SI, with pro¬ 
gressively fewer nerves being found from S2 and S3 
(Yin et al. 2003). Patients with referred pain in the 
lower extremity or groin associated with SIJC pain 
will typically experience relief of their referred pain 
following successful SIJC denervation, especially if 
concordant symptoms are elicited on lateral branch 
sensory mapping. 

Efficacy 

To date, the efficacy of SIJC RF is based on non-con- 
trolled prospective (Gevargez et al. 2002) and retrospec- 
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Sacroiliac Joint Radiofrequency 
Denervation, Figure 2 Sacro-lliac 
Joint Radiofrequency Denervation, 
sensory stimulation guided technique, 
typical electrode placement. A. L5 
lateral branch, B. SI lateral branch, 
C. S2 lateral branch; D. S3 lateral 
branch. 


tive case series (Ferrante et al. 2001; Yin et al. 2003). No 
controlled or long-term (i.e. greater than 1 year) efficacy 
studies have been published to date. 

If patients are properly selected, the duration of properly 
performed SIJC RF exceeds that of local anesthetic and 
steroid injections into the SIJC, and as published re¬ 
ports to date suggest, may provide efficacy beyond that 
provided by conservative, non-interventional means 
(Gevargez et al. 2002; Yin et al. 2003). Published 
efficacy ranges from a low of 36.4% of patients expe¬ 
riencing greater than 50% reduction in pain for more 
than 6 months (Ferrante et al. 2001), to a high of 64% of 
patients experiencing greater than 60% relief for more 
than 6 months using the SSG technique (Yin et al. 2003). 
Some 36% of patients experienced complete relief for 
more than 6 months (Yin et al. 2003). 

Although controlled trials have still to be conducted, 
radiofrequency neurotomy is the only procedure for 
sacroiliac joint pain that has a documented efficacy. 
No other procedure has been shown to provide lasting 
relief, and none has been found to produce complete 
relief of pain. 

Complications 

Reported complications following SIJC RF by any 
technique are rare, and no mortality has been reported. 


Patients most commonly experience a period of post¬ 
operative discomfort that is self-limited. Patients will 
occasionally experience moderate term localized dyses¬ 
thesia or hypoesthesia in the skin of the ipsilateral 
buttock following SIJC RF denervation. 
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I--- 

Sacroiliitis 

► Sacroiliac Joint Pain 


I- 

Sacrum 

Definition 

The sacrum is the wedge-shaped bone consisting of five 
fused vertebrae forming the posterior part of the pelvis. 
► Sacroiliac Joint Pain 


I- 

Saliency 

Definition 

Saliency quantifies the relative importance of each di¬ 
mension to an individual. 

► Multidimensional Scaling and Cluster Analysis Ap¬ 
plication for Assessment of Pain 

► Pain Measurement by Questionnaires, Psychophysi¬ 
cal Procedures and Multivariate Analysis 


I- 

Salpingitis-Oophoritis-Peritonitis 

► Chronic Pelvic Pain, Pelvic Inflammatory Disease 
and Adhesions 


I- 

Sarcomere 

Definition 

A sarcomere is the basic contractile unit of striated mus¬ 
cle. Sarcomeres are attached to each other end-to-end 
at the Z line, where the actin molecules are anchored 
and where the myosin is anchored by titan. The sarcom¬ 
ere is essentially a constant-volume structure that can 
change length by a factor of nearly two in most muscles. 
Localized microscopic abnormal shortening of sarcom¬ 
eres appears to be characteristic of myofascial trigger 
points. 

► Myofascial Trigger Points 


I- 

Satellite Cells 

Definition 

Satellite cells are glial cells of the dorsal root ganglia. 
Each neuron within the dorsal root ganglia is encircled 
by a layer of satellite cells in close apposition. Satellite 
cells become activated in response to injury of „their“ 
neuron’s peripheral axon. 

► Proinflammatory Cytokines 

► Satellite Cells and Inflammatory Pain 

I- 

Satellite Cells and Inflammatory Pain 

Reginald J. Docherty 

Wolfson Centre for Age-Related Diseases, King’s 

College London, London, UK 
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Synonyms 

Satellite cells; Fibroblast-Like Satellite Cells; Perineu- 
ronal Cells; Satellite Glial Cells; Neuroglial Cells 

Definition 

Satellite cell (SC) is a general term that refers to the non¬ 
neuronal cells that surround neurones. In sensory gan¬ 
glia, the term usually refers to the particular cells that 
surround and encapsulate the cell bodies of the neurones 
and form a sheath around the cell body region. 

Characteristics 

Several key features of the behaviour of the SCs that en¬ 
capsulate the cell bodies of sensory ganglia make them 
interesting in the context of pain, including pain associ¬ 
ated with inflammation, and have led to the suggestion 
that they may act as nociceptors (Heblich et al. 2001). 
Firstly, the SCs form an intimate anatomical association 
with dorsal root ganglion (DRG) neuronal cell bodies 
and are well placed to influence their activity (Pannese 
1981). Secondly, the SCs display a range of responses 
when remote tissue damage occurs at the axon or pro¬ 
cesses of the host neurone (Li and Zhou 2001, Hanani 
et al. 2002, Elson et al. 2004). Thirdly, they are sensitive 
to the inflammatory mediator ► bradykinin (England et 
al. 2001) and the somatic response of the host sensory 
neurones to bradykinin is dependent, at least partly, on 
their association with the SCs (Heblich et al. 2001). 

Anatomical Characteristics 

In dorsal root ganglia the cell body of each sensory neu¬ 
rone is plastered with SCs, which make a sheath that cre¬ 
ates a physical barrier between the somatic region of the 
host neurone and its neighbours. The morphology and 
ultrastructure of the somatic SCs and their physical re¬ 
lationship to their host neurones has been reviewed in 
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detail (Pannese 1981). The SC sheath can be as thin as 
50 nm or as thick as 5 |xm, whilst the number of SCs that 
contribute to the sheath can be as few as two or as many as 
ten, depending on the size of the neuronal cell body that 
is encapsulated (Leda et al. 2004). The SCs are difficult 
to identify with a conventional light microscope in fresh 
tissue, but become obvious when a histological stain is 
used that highlights their nuclei (Leda et al. 2004). They 
are also clearly distinguishable in electron micrographs 
(Pannese 1981). 

The physical relationship between the SCs and their host 
neurones is intimate. In electron micrographs, host neu¬ 
rones can be seen to extend fine finger-like processes 
that occupy invaginations of the SC membrane and max¬ 
imise the surface area of contact (Pannese 1981; Pan¬ 
nese 2002), but the function of these interesting struc¬ 
tures is not known. The community of SCs around a host 
neurone communicate with each other via gap junctions 
(Hanani et al. 2002), which suggests that together they 
form a functional unit around their host. 

When DRG are freshly dissociated (e.g. using colla- 
genase enzymes), the isolated neuronal somata have 
a ‘lumpy’ appearance due to the SCs that are stuck to 
them. When the cells are grown in tissue culture, the SCs 
migrate from the host neurones on to the flat surround¬ 
ing matrix (e.g. polyornithine coated plastic), where 
they adopt a polygonal morphology that resembles that 
of small fibroblasts, macrophages or ► Schwann cell 
precursors (Fig. 1). The SCs share several surface mark¬ 
ers with Schwann cells, which distinguish them from 
fibroblasts, e.g. the ► p75 neurotrophin receptor. They 
can also be distinguished from immune cells in that they 
do not express CD45 (Leda et al. 2004); however, no 
unique markers for the SCs have been identified. The 
paucity of objective criteria that can be used to identify 
the cells is a particular problem for experiments per- 



Satellite Cells and Inflammatory Pain, Figure 1 The figure shows a 
phase contrast photomicrograph of a group of fibroblast like satellite cells 
(indicated by arrows) isolated from the dorsal root ganglion of a 1 -day-old 
rat pup and grown in tissue culture. 


formed in tissue culture, and makes the comparison of 
the somatic SCs with other non-neuronal cells difficult, 
e.g. those associated with the nerve terminal region. On 
balance, it seems likely that the SCs are closely related 
to Schwann cells, but a more definitive description of 
their lineage or relationship to other cells is not possible 
at this time. 

Physiological and Pathophysiological Characteristics 

SCs in DRG are often considered as passive cells whose 
role is to provide structural and metabolic support for 
the sensory neurones with which they are associated. 
However, the view that the SCs have a passive role 
in sensory function is undermined by observations of 
SCs that display active responses to nerve trauma and 
local inflammation. Observations of this type go back 
to the work of Cajal (1928), quoted by Elson et al. 
(2004), who showed that the SCs proliferate following 
transplantation of ganglia. Since then several authors 
have shown that transection or damage to central or 
peripheral processes of sensory nerves initiates prolif¬ 
eration of the SCs in the ganglion (Pannese 1981; Lu 
and Richardson 1991; Hanani et al. 2002). Mild skin 
abrasions that traumatise nerve terminals and cause 
inflammation provoke a proliferative response (Elson 
at al. 2004). Local inflammation within the ganglion 
induces proliferation of SCs (Lu and Richardson 1991), 
but evidence for proliferative responses to remote in¬ 
flammatory stimuli (in the absence of nerve damage) 
is not available. The SCs are somehow involved in the 
formation of ► perineuronal ‘basket’ structures that 
form, especially around large ‘A’ type cell bodies of 
cutaneous neurones in DRG, following peripheral nerve 
injury (Ramer et al. 1999; Li and Zhou 2001; Hu and 
McLachlan 2003). A basket is made up of a lattice of 
fine processes that invade the SC sheath. The processes 
sprout from sympathetic fibres that invade the ganglion 
or from damaged sensory neurones within the ganglion. 
This basket appears as a ‘ring’ structure in a section 
through the tissue. It is conceivable that the SCs provide 
guidance signals for the invading neuronal processes, 
or collaborate with host neurones to anchor invading 
processes in the vicinity of the cell body (Ramer et al. 
1999). Following nerve injury the number of gap junc¬ 
tions between the SCs increases, and the SC envelope 
around one neurone makes gap junction connections 
with the envelope around neighbouring neurones. This 
important observation has inspired the suggestion that 
the SCs may provide a conduit for communication be¬ 
tween neighbouring neurones in the ganglion (Hanani 
et al. 2002). Such a mechanism may underlie the cross¬ 
talk between neighbouring neurones in the ganglion 
that has been observed by Amir and Devor (2000). 
Clearly, cross-talk between neurones in the DRG could 
increase the size of their receptive field and/or respec¬ 
ify their sensory modality. Thus, proliferation and 
remodelling of the SC envelope could contribute to the 
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generation of pain states such as ► hyperalgesia and 

► allodynia, and perhaps other sensory ► dysthesias 
too. 

The SCs are not electrically excitable. In culture, they 
have a resting membrane potential of about -60 mV 
and exhibit voltage-gated potassium channel activity 
(England et al. 2001), but they do not appear to express 
other voltage-gated conductances, such as voltage¬ 
gated sodium and calcium channels. In this respect, the 
SCs differ from Schwann cells which express at least 
voltage-gated calcium channels in addition to potassium 
channels. The SCs express calcium-activated chloride 
channels, and these are activated when the intracellular 
concentration of calcium rises (see below). 

Pharmacological Characteristics 

Pannese (1981) has reviewed the effects of various 
substances, including metal ions, on the anatomical ap¬ 
pearance and structural properties of sensory neurone 
SCs, but there have been surprisingly few studies of 
other pharmacological properties. Recently, it has been 
shown that SCs respond to bradykinin (England et al. 

2001) , ATP via P2Y receptors (Weick et al. 2003) and 

► nitric oxide (Thippeswamy and Morris 2002). 

Nitric Oxide (NO) Signalling 

Small diameter sensory neurones can make and release 
(NO), and this causes an increase in the levels of cGMP 
in their SCs. In mature, intact neurones this function 
is inhibited by target derived ► nerve growth factor 
(NGF). Loss of target derived NGF, e.g. following 
nerve transection, leads to upregulation of NOS at the 
neuronal cell body and release of NO. The NO may pro¬ 
mote NGF production in the SCs, which then become 
an alternative source of NGF. In this way, and perhaps 
also by other mechanisms, the SCs are neuroprotec- 
tive. Thus, following peripheral nerve transection (but 
not in intact neurones), inhibitors of neuronal nitric 
oxide synthase (nNOS) or of cGMP production in SCs 
cause neuronal cell death, presumably by depriving the 
neurones of the alternative source of NGF. Details of 
the mechanisms concerned remain to be established 
firmly, but the case presented for a neuroprotective 
role for the SCs is strong (Thippeswamy and Morris 

2002) . This mechanism would also be consistent with 
a role for NGF as a guidance signal for the invading 
neuronal processes that form perineuronal baskets (see 
above). There is no strong evidence that neurone to SC 
signalling by NO contributes to inflammatory pain, but 
the existence of this mechanism highlights a potential 
danger in the use of non-specific inhibitors of NOS as 
anti-inflammatory agents where the inflammation is 
associated with nerve damage. 

Bradykinin (Bk) 

Bk is an important mediator of pain and inflammation, 
which is released from blood borne high molecular 


weight kininogens by the action of proteolytic kallikrein 
enzymes. A closely related peptide, Lys-Bk (kallidin), 
is produced in the tissues from low molecular weight 
kininogen. Bk provokes a response in DRG SCs that is 
mediated by constitutive B2 Bk receptors, and involves 
an increase in the intracellular Ca 2+ concentration and 
activation of a Ca 2+ -activated Cl - conductance (Eng¬ 
land et al. 2001). The importance of this result is that 
it establishes the presence of B2 receptors on the SCs, 
and demonstrates their responsiveness to an inflamma¬ 
tory mediator (Fig. 2). The functional relevance of the 
increase in intracellular Ca 2+ concentration, and the 
activation of a Ca 2+ -activated Cl - conductance, is not 
known. The host neurones, like the SCs, express B2 
receptors, but their response to Bk is complex, involving 
sensitisation of ► TRPV1 channels as well as activa¬ 
tion of a Na + -dependent conductance, which mediates 
a slowly activating depolarising current (iBk)- The sen¬ 
sitisation of TRPV1 channels is probably due to a direct 
effect of Bk on the neurones, but there is evidence that 
activation of IBk depends on the presence of SCs and 
may be secondary to activation of SCs (Heblich et al. 
2001). Thus SCs could have the ability to pass signals to 
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Satellite Cells and Inflammatory Pain, Figure 2 Concentration- 
response data for the response of neonatal rat dorsal root ganglion 
satellite cells to Bk. (a) An inward Ca 2+ -activated Cl - current measured 
using whole cell voltage clamp at -60 mV. (b) A rise in intracellular Ca 2+ 
measured by indo-1 fluorescence (modified from Fig. 2, England et al. 
2001). Insets are examples of responses of each type. 
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their host neurones to provoke a response. The nature of 
the signals that pass from SCs to neurones is not known, 
but the potential importance of this mechanism cannot 
be overemphasised - SCs that ‘pick up’ signals from 
‘A’ cells, and transmit them to ‘C’ cells in the ganglion, 
could play a key role in the pathology of neuropathic 
and/or inflammatory pain. 

In summary, the somatic SCs of sensory neurones are 
active participants in sensory processes, including no¬ 
ciception. The SCs are activated by nerve damaging 
and inflammatory stimuli, probably exchange signals 
with their host neurones, and may mediate cross-talk 
between neurones at the level of the sensory ganglion. 
The concept that this cellular collaboration occurs and 
is involved in sensory function is relatively new, but has 
considerable potential for improving our understanding 
of sensory dysfunction. 
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Satellite Glial Cells 

► Satellite Cells and Inflammatory Pain 


I- 

Scalenus Anticus Syndrome 

► Thoracic Outlet Syndrome 


I- 

Scanning 

Definition 

A high and fast rate of switching attention to different 
stimuli/locations, in order to facilitate the detection of 
information. 

► Hypervigilance and Attention to Pain 


r 


see 


► Spinal Cord Compression 


I- 

Scheduling Reinforcement 

Definition 

Initially, reinforcing of the occurrences of the behavior 
should be increased as often as possible. When the be¬ 
havior has come to occur with some frequency, the fre¬ 
quency of reinforcement should be faded to a diminish¬ 
ing ratio (e.g. 1:1 to 1:5,1:10, etc.). As the rate of occur¬ 
rence of the target behavior reaches the desired levels, 
the reinforcement should be faded further. Naturally oc¬ 
curring consequences in the environment to the patient’s 
normal activities will tend to take over to sustain activity 
level; a form of generalization. 

► Training by Quotas 


I- 

Schema 

Definition 

A schema is a perceptual hypothesis that serves as the 
fundamental unit for constructing awareness. 

► Consciousness and Pain 
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I- 

Schema Activation 

Definition 

The hypothesized engagement of an organized knowl¬ 
edge structure (i.e. pain schema), which leads to the pref¬ 
erential processing of schema-relevant information. 

► Catastrophizing 

I- 

Schemata 

Definition 

Schemata are fuzzy, preconscious and dynamical pat¬ 
terns, roughly related to dynamically stable patterns in 
neural networks. 

► Consciousness and Pain 

I- 

Schrober’s Test 

► Lower Back Pain, Physical Examination 


I- 

Schwann Cell 

Definition 

These cells form the sheath around axons in the periph¬ 
eral nervous system; the sheath and axon together are 
called a nerve fiber. The fibers are either myelinated or 
unmyelinated. Myelinated fibers have Schwann cells 
wrapped around the axon as a spiral. The spiral (the 
myelin) consists of the membrane of a single Schwann 
cell from which the cytoplasm has been removed during 
the wrapping process. The Schwann cells of a single 
nerve fiber are separated from each other by nodes of 
Ranvier. Note that unmyelinated nerve fibers also have 
a sheath of Schwann cells. However, in this case the 
Schwann cell is not wrapped around the axon. 

► Hansen’s Disease 

► Hereditary Neuropathies 

► Satellite Cells and Inflammatory Pain 

► Sensitization of Muscular and Articular Nociceptors 

► Toxic Neuropathies 

► Wallerian Degeneration 

I- 

Sciatic Inflammatory Neuritis 

Synonyms 

SIN 


Definition 

The animal model. Sciatic Inflammatory Neuritis, pro¬ 
duces a local inflammation around one sciatic nerve that 
leads to enhanced responses to low threshold mechani¬ 
cal stimuli. 

► Neuropathic Pain Model, Neuritis/Inflammatory 
Neuropathy 


I- 

Sciatic Inflammatory Neuropathy 

► Neuropathic Pain Model, Neuritis/Inflammatory 
Neuropathy 


I- 

Sciatic Neuralgia 

► Sciatica 


I- 

Sciatic Neuropathy 

► Sciatica 


I- 

Sciatic Notch 

► Lower Back Pain, Physical Examination 


I- 

Sciatica 

Gabor B. Racz, Carl E. Noe 
Baylor University Medical Center, Texas Tech 
University Health Science Center, Lubbock, TX, USA 
gabor.racz @ ttuhsc.edu 

Synonyms 

Cotunnius Disease; Lumbosacral Radiculitis; sciatic 
neuropathy; sciatic neuralgia; Radicular Leg Pain 

Definition 

Sciatica is pain in the distribution of the sciatic nerve 
(buttocks, posterior thigh and/or lower limb) 

Characteristics 

Sciatica is a clinical diagnosis, one made by history and 
physical examination as opposed to a radiographic diag- 
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nosis made by a test such as a magnetic resonance imag¬ 
ing (MRI) study. Pain with sciatica is within the terri¬ 
tory of the sciatic nerve. The sciatic nerve is the largest 
peripheral nerve in humans, and is formed by several 
branches of nerve roots passing out of the lower lum¬ 
bar spine and sacrum. The sciatic nerve travels through 
the buttocks and into the backside of the thigh. Branches 
of the sciatic nerve continue into the lower leg and foot. 
Physical examination findings include a positive straight 
leg raising test (Lasegue’s sign). 

Classically, the patient reclines and the examiner lifts the 
foot while the leg remains unbent at the knee. This has 
the effect of stretching the nerve fibers that comprise the 
sciatic nerve. Normally, there is enough slack in the sys¬ 
tem to prevent any symptoms, but if nerve root irritation 
is present, pain is exacerbated. 

Acute Sciatica 

Acute sciatica refers to sciatic pain of recent onset. 
Chronic sciatica is used to describe pain persisting 
beyond six months duration. Some patients have re¬ 
current episodes of sciatica, sometimes associated with 
recurrent injuries and subsequent resolution. 

Acute sciatica can be caused by a number of diag¬ 
noses which are more specific than the general clinical 
diagnosis of sciatica. Sudden onset of sciatica com¬ 
monly occurs with an acute lumbar disk herniation. 
In this circumstance, the lumbar disk protrudes out of 
its normal position and irritates a nerve root, usually 
the fifth lumbar or first sacral, or another nerve root(s) 
which forms the sciatic nerve. As a result, the nerve 
root discharges, sending nerve impulses to the brain, 
which is experienced as pain from the body region 
where the irritated nerve fibers have receptors. Of¬ 
ten the natural history of acute sciatica is favorable, 
resolving with time and analgesics. Oral or injected 
corticosteroids are common treatments. A minority of 
patients with acute sciatica progress to have surgery 
to decompress nerve roots. In addition to pain, pa¬ 
tients with sciatica may experience loss of sensation, 
weakness or loss of bladder and bowel function. These 
symptoms may push patients toward surgical treatment. 
Other spinal causes of acute sciatica include spondy¬ 
lolisthesis and spinal stenosis. Spondylolisthesis is 
a shifting of one vertebra out of normal alignment. 
Spondylolisthesis can be traumatic or degenerative. 
This can result in a narrowing of spaces within the 
spine where nerve roots pass. Spinal stenosis is a nar¬ 
rowing of canals inside the spine where nerves pass. 
Spinal stenosis is usually degenerative and caused by 
bone spurs and thickening of ligaments. These diag¬ 
noses are confirmed by x-rays or other imaging tests. 
Patients with these diagnoses are frequently treated 
with surgery. 

Rare but important causes of acute sciatica include acute 
epidural abscess, epidural hematoma and spinal cord in¬ 
farction and conus medullaris syndrome. 


Other causes of sciatica of more gradual onset include 
piriformis syndrome and peripheral neuropathy. Piri¬ 
formis syndrome results from the sciatic nerve being 
compressed by the piriformis muscle. This muscle is a 
part of the musculature of the buttocks, near the point 
where the sciatic nerve passes out of the pelvis into 
the leg. Piriformis syndrome is frequently treated with 
exercises to stretch the piriformis muscle. 

Peripheral neuropathy is commonly associated with 
diabetes and may also be a result of trauma to the sciatic 
nerve. Diabetic peripheral neuropathy is frequently 
treated with medications for neuropathic pain. 

Tumors are less common causes of sciatica but can occur 
at any location along the nerve pathway involving the 
sciatic nerve. 

Diseases and conditions in the pelvis can produce symp¬ 
toms of sciatica, since the nerve roots form a plexus that 
lies in the pelvis. 


Chronic Sciatica 

Chronic sciatica can result from failed back surgery 
syndrome, arachnoiditis and chronic lumbosacral 
radiculopathy. Failed back surgery syndrome is a non¬ 
specific term used to classify patients who have per¬ 
sistent or recurrent symptoms, even after having back 
surgery. Sometimes patients have a definitive cause 
for symptoms, but often patients have pain that cannot 
be explained by conventional medical tests. Epidural 
adhesions may be associated with chronic sciatica. 
Epidurography is a newer test that is used to identify 
epidural adhesions, and ► lysis of adhesions is a newer 
procedure used to treat this problem. 

Following lysis of adhesions, an exercise program, 
including the technique of “neural flossing”, is recom¬ 
mended. 

Arachnoiditis is inflammation of a lining of the nerve 
roots. This can result in scarring around nerve roots and 
permanent nerve damage. 

Patients with chronic sciatica may benefit from rehabil¬ 
itation treatment to improve physical and psychosocial 
function. Medications for neuropathic pain, opioids, an¬ 
tidepressants and anti-convulsants, are also commonly 
used for symptomatic relief. Spinal cord stimulation is 
also used (Dubuisson 2003). 


s 


Differential Diagnosis 

Conditions that mimic sciatica include referred pain 
from the sacroiliac and zygohypophaseal (facet) joints 
(Wiener 1993). Referred pain is pain which is localized 
away from the area of pathology. Patients with coro¬ 
nary artery disease sometimes report left arm pain when 
their problem is a lack of blood flow to their heart. The 
innervation of the internal organs is less specific than 
the innervation of the face or hand, and sometimes the 
localization of the problem is inaccurate. Sacroiliitis 
and lumbar spondylosis (degenerative arthritis of the 
zygohypophysealjoints) are sometimes associated with 
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referred pain into the back of the leg, and mistakenly 
diagnosed as sciatica. Hip arthritis can produce referred 
pain to the knee as well. 

► Trochanteric Bursitis is an inflammation of the bursa 
near the greater trochanter of the hip. This condition can 
produce pain in the thigh. 

► Meralgia paresthetica is a pain syndrome involving 
the lateral femoral cutaneous nerve which results in pain 
in the lateral thigh. 

► Herpes Virus can infect nerve roots, including the 
nerve roots of the sciatic nerve. In the case of shingles 
(Herpes zoster), a rash is usually present along the 
course of the infected nerve root. 

► Polyarthritis involving joints in the back, hip, knee 
and ankle can produce such widespread pain, that even 
though pain is localized to joints, patients will describe 
it as “leg pain”, and even draw their pain pattern as leg 
pain rather than separate joint pain. 

► Hamstring Muscle Strain produces pain in the biceps 
femoris muscles in the back of the thigh. Stretching the 
muscle can produce pain as is found with a straight leg 
raising maneuver. 

Multiple sclerosis (see ► Central Pain in Multiple Scle¬ 
rosis) sometimes manifests as radiating pain in a distri¬ 
bution similar to that of the sciatic nerve. 

► Peripheral vascular disease can be a cause of leg pain 
at rest or with walking. 

► Deep venous thrombosis (blood clot) commonly af¬ 
fects the lower leg, and can present as a pain syndrome 
mimicking sciatica with primarily distal extremity pain. 
Phantom pain may occur in the distribution of the sciatic 
nerve following amputation or congenital lower limb ab¬ 
sence. Patients may experience pain described as shoot¬ 
ing, spasms or cramps. Patients may also experience the 
sensation of the limb being twisted or unusually posi¬ 
tioned. The end of the nerve may form a neuroma which 
may be treated by excision or neuromodulation. 

► Ergonomics Essay 

► Facet Joint Pain 

► Guillain-Barre Syndrome 

► Radicular Pain, Diagnosis 

► Radiculopathies 
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I- 

SCI-Pain 

► Spinal Cord Injury Pain 


I- 

Sclerosant 

► Proliferant 

► Prolotherapy 

I- 

Sclerotherapy 

► Prolotherapy 

I- 

Scotoma 

Definition 

Scotoma refers to a blind spot, area of visual loss. 

► Clinical Migraine with Aura 

I- 

Screening 

Definition 

Screening refers to an initial assessment that serves as the 
basis for more in-depth and comprehensive evaluation. 

► Psychological Assessment of Pain 

I- 

Second Messenger Cascades 

Definition 

Second messenger cascades are intracellular signaling 
pathways that depend on one or more second messen¬ 
gers, and that lead to the activation of a protein kinase. 
The protein kinase can then alter protein function by pro¬ 
tein phosphorylation. 

► Spinothalamic Tract Neurons, Role of Nitric Oxide 

I- 

Second Order Neurons 

Definition 

There are three orders of neurons. The first-order neu¬ 
rons carry signals from the periphery to the spinal cord; 
the second-order neurons carry signals from the spinal 
cord to the thalamus; and the third-order neurons carry 
signals from the thalamus to the primary sensory cortex. 
Second order neuron is generally located in the spinal 
cord or brainstem. The neuron receives information 
from first order neurons (usually from several or even 
many) and transmits information to the other neuronal 
centers. 
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► Postsynaptic Dorsal Column Neurons, Responses to 
Visceral Input 

► Postsynaptic Dorsal Column Projection, Functional 
Characteristics 

I- 

Second Pain 

Definition 

Second pain is a slow onset, dull, throbbing, aching 
sensation associated with the activation of slowly con¬ 
ducting, unmyelinated (C) nociceptors. When a noxious 
stimulus is sufficient to activate both A3 and C noci¬ 
ceptors, second pain is perceived one to two seconds 
after first pain due to differences in nerve conduction 
velocity. 

► Encoding of Noxious Information in the Spinal Cord 

► Opioids, Effects of Systemic Morphine on Evoked 
Pain 


kappa agonists, hut this characteristic has since been 
questioned. Secondary cells presumably correspond to 
on-cells recorded in vivo. 

► Opiates, Rostral Ventromedial Medulla and Descend¬ 
ing Control 

I- 

Secondary Dysmenorrhea 

Definition 

Menstrual pain arising in association with underlying 
pathology, such as leiomyomata, adenomyosis, or en¬ 
dometriosis. It usually occurs years after menarche and 
may occur in anovulatory cycles. 

► Dyspareunia and Vaginismus 

I- 

Secondary Hyperalgesia 


I- 

Second Pain Assessment 

► First and Second Pain Assessment (First Pain, Prick¬ 
ing Pain, Pin-Prick Pain, Second Pain, Burning Pain) 


I- 

Second Somatosensory Cortex 

Synonyms 

SII 

Definition 

The second somatosensory cortex (SII) is located at the 
upper bank of the Sylvian fissure, and is considered to 
play a role in pain perception. It receives thalamic input 
from the VPL and VPM nuclei and has a somatotopic 
organization. Its presence in humans has been confirmed 
by MEG. 

► Magnetoencephalography in Assessment of Pain in 
Humans 

► Nociceptive Processing in the Secondary Somatosen¬ 
sory Cortex 

► Secondary Somatosensory Cortex (S2) and Insula, Ef¬ 
fect on Pain Related Behavior in Animals and Humans 

► Spinothalamic Input, Cells of Origin (Monkey) 


Definition 


Secondary hyperalgesia is a centrally-mediated condi¬ 
tion that may occur due to injury or disease in an area 
of the body. Secondary hyperalgesia is defined as an in¬ 
crease in pain sensitivity when a noxious stimulus is de¬ 
livered to a region surrounding, but not including, the 
zone of injury (increased pain sensitivity outside of the 
area of injury or inflammation). Secondary hyperalgesia 
is due to central neuron sensitization and requires con¬ 
tinuous nociceptor input from the zone of primary hy¬ 
peralgesia for its maintenance. Secondary hyperalgesia 
implies only mechanical hyperalgesia, i.e. “allodynia“ 
and “pin prick". Thermal hyperalgesia does not occur in 
the secondary zone. 

► Allyodynia 

► Descending Circuits in the Forebrain, Imaging 

► Descending Modulation and Persistent Pain 

► Hyperalgesia 

► Muscle Pain Model, Inflammatory Agents-Induced 

► Nick Model of Cutaneous Pain and Hyperalgesia 

► Nociceptors, Action Potentials and Post-Firing Ex¬ 
citability Changes 

► Opioids and Muscle Pain 

► Referred Muscle Pain, Assessment 

► Spinothalamic Tract Neurons, Glutamatergic Input 

► Spinothalamic Tract Neurons, Peptidergic Input 

► UV-Induced Erythema 


s 


I- 

Secondary Cells (RVM) 

Definition 

Secondary cells are a class of RVM neurons defined 
in vitro by response to mu-opioid agonists. These neu¬ 
rons were originally proposed to be unresponsive to 


I- 

Secondary Losses 

Definition 

Losses that can occur from being a patient or being dis¬ 
abled. 

► Malingering, Primary and Secondary Gain 
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I- 

Secondary Mechanical Allodynia 

Definition 

Secondary mechanical allodynia is pain in response to 
stimulation that is usually non-painful, applied in an area 
surrounding a site of damage or inflammation, s. also 
Secondary Hyperalgesia. 

► Spinothalamic Neuron 

► Spinothalamic Tract Neurons, Role of Nitric Oxide 

I- 

Secondary Prevention 

► Chronicity, Prevention 

► Disability, Effect of Physician Communication 

► Disability Prevention 

I- 

Secondary Somatosensory Cortex 

► Nociceptive Processing in the Secondary Somatosen¬ 
sory Cortex 

I- 

Secondary Somatosensory Cortex (S2) 
and Insula, Effect on Pain Related 
Behavior in Animals and Humans 

Eric A. Moulton 1 , Joel D. Greenspan 2 
'Program in Neuroscience, University of Maryland, 
Baltimore, MD, USA 

2 Program in Neuroscience and Dept, of Biomedical 
Sciences, Dental School, University of Maryland, 
Baltimore, MD, USA 
emoulton@mclean.harvard.edu, 
jgreenspan@umaryland.edu 

Definition 

The functions of the secondary somatosensory cortex 
(S2) and ► insula can be inferred by evaluating the per¬ 
ceptual or behavioral consequences of lesions (disrup¬ 
tions) or direct stimulation of these anatomical sites. 

Characteristics 

Lesions 

In the current context, a lesion is a disruption of a brain 
region that adversely affects its function, most often by 
way of tissue injury. In animal studies, lesions are inten¬ 
tionally produced in a brain area of interest, while lesions 
in humans are “accidents ofnature”, most often resulting 
from pathologies such as strokes or tumors. Functional 
deficits associated with lesions are determined through 
behavioral and psychophysical evaluations. The study of 


the effects of lesions relies on the concept of functional 
modularity, which assumes that a biological process can 
be localized to a particular area in the brain. The draw¬ 
backs of using lesions to assess function are 1) that they 
may damage the passage of transmitting neural tracts 
along with the neural integration regions at the site of 
injury, thus altering neural function of a site remote from 
the physical disruption, 2) functional processes may be 
distributed, such that damage to a functionally relevant 
area may be compensated for by other involved regions 
and 3) other parts of the cortex may change their func¬ 
tion to adopt the functional properties of the damaged 
area, an example of neural plasticity. 

Early studies on patient populations reported that 

► parasylvian lesions could result in decreased pain 
and temperature sensation on the side of the body con¬ 
tralateral to the lesion (Biemond 1956; Davison and 
Schick 1935). Lesions in this area could also selec¬ 
tively mitigate the affective reaction to painful stimuli, 
without significantly altering thresholds for pain sen¬ 
sation (Berthier et al. 1988). ► Central pain sometimes 
accompanied deficits in pain and temperature discrimi¬ 
nation associated with parasylvian lesions. More recent 
studies have attempted to determine whether the precise 
location of a lesion within the parasylvian cortex was 
correlated with specific functional deficits. Lesions to 
the posterior insula and adjacent parietal operculum 
(including S2) were associated with impaired pain and 
temperature detection, while lesions to the anterior 
insula did not show such sensory effects (Cereda et 
al. 2002; Greenspan and Winfield 1992; Greenspan et 
al. 1999; Schmahmann and Leifer 1992). In one study 
(Greenspan and Winfield 1992), the sensory deficits 
were alleviated after the subject underwent surgery to 
extract a temporal lobe tumor that compressed poste¬ 
rior insula and S2. Though discrete lesions of posterior 
insula vs. S2 are rare in clinical cases, a group analysis 
indicated that lesions to S2 alter pain thresholds while 
posterior insular lesions do not (Greenspan et al. 1999). 
Instead, posterior insular lesions were associated with 
increased pain tolerance. These results suggest that S2 
has a ► sensory-discriminative role in pain process¬ 
ing, while the neighboring insula is more related to 

► affective-motivational processing. 

The involvement of these parasylvian areas in pain 
processing is also supported by a primate study eval¬ 
uating the effects of an accidentally induced cerebral 
compression of a portion of the posterior parietal cor¬ 
tex, including S2 and insula (Dong et al. 1996). The 
investigators found that escape behavior to noxious 
temperatures was nearly eliminated, while detection of 
temperature changes remained intact. 

Stimulation 

Stimulation refers to the direct electrical and/or phar¬ 
macological stimulation of a particular cortical area to 
determine its functional relevance. An invasive proce- 







Sedentary Work 2149 


dure, cortical stimulation is commonly performed in an¬ 
imals, though it can also be performed on people with 
implanted electrodes or while undergoing certain neuro¬ 
surgical procedures. The function of an area is inferred 
from evoked animal behavior or human subject report 
following the stimulation. 

Electrical stimulation of the insula in monkeys does 
not elicit apparent ► nocifensive responses, though 
such studies were performed with the animals under 
anesthesia (Hoffman and Rasmussen 1953; Kaada et al. 
1949). Instead, stimulation of the insula elicited auto¬ 
nomic reactions, including changes in blood pressure, 
heart rate and respiration. Cardiovascular responses to 
insular stimulation have also been reported in humans 
(Oppenheimer et al. 1992). 

Though early workin patients suggested that stimulation 
of the insula would not evoke pain (Penfield and Faulk 
1955), a more recent study has reported that electrical 
insular stimulation can elicit painful sensations and reac¬ 
tions in humans (Ostrowsky et al. 2002). Using intracra¬ 
nial electrodes for stimulation, they found that stimula¬ 
tion of the posterior insula in 14 out of 43 patients elicited 
pain ranging from mild to intolerable. The quality of the 
evoked pain was described as burning, stinging, shock¬ 
ing and / or disabling. Stimulation of the right posterior 
insula more frequently evoked pain (n = 12) than the left 
(n = 3). 

Studies that have stimulated in the vicinity of S2 
in humans have not evoked pain (Ostrowsky et al. 
2002; Penfield and Jasper 1954). Interestingly, some 
evidence suggests that S2 stimulation can produce 
► antinociception (Kuroda et al. 2001). Using a for¬ 
malin model for chronic pain in unanesthetized rats, 
this group found that electrical stimulation of S2 along 
with inhibition of neuronal nitric oxide synthase could 
synergistically suppress spinal nociceptive neurons as 
well as behavioral reactions (Kuroda et al. 2001). 

Overview 

There are few pain-related studies involving lesions or 
direct stimulation of S2 or insula. Lesion study inter¬ 
pretations are limited by the location specificity of le¬ 
sions in patients, and the potential for remote effects. 
The available evidence suggests that the posterior insula 
and parietal operculum including adjacent S2 are neces¬ 
sary for normal pain sensation. The posterior insula may 
have a more direct role in pain perception, particularly 
suprathreshold pain perception, than S2 but this distinc¬ 
tion is only tentatively supported at this point. More work 
is needed to better elaborate the pain-related function¬ 
ality of these brain regions. 
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I- 

Secondary Trigeminal Neuralgia 


► Trigeminal Neuralgia, Etiology, Pathogenesis and 
Management 


s 


I- 

Secondary Vulvar Vestibulitis 


Definition 

Dyspareunia after a period of pain-free sexual inter¬ 
course 

► Vulvodynia 


I- 

Sedentary Work 
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Definition 

Work performed primarily in the seated position without 
exposure to vibration. 

► Pain in the Workplace, Risk Factors for Chronicity, 
Job Demands 
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I- 

Segmental Analgesia 

Definition 

Analgesic effect within the stimulated segment. 

► Transcutaneous Electrical Nerve Stimulation Out¬ 
comes 


I- 

Segmental Anti-Nociceptive Mechanisms 

Definition 

Neural circuitry that is located within the spinal cord that, 
when active, prevents the onward transmission of nox¬ 
ious information en route to higher centers in the brain. 
► Transcutaneous Electrical Nerve Stimulation (TENS) 
in Treatment of Muscle Pain 


I- 

Segmental Demyelination 

Definition 

Segmental Demyelination is the loss of myelin with 
sparing of axonal continuity; can be the result of in¬ 
jury of either the myelin sheath or Schwann cells. 
Demyelination can also be related to alterations in ax¬ 
onal caliber (secondary demyelination). Both axonal 
atrophy and swelling may cause myelin alterations over 
many consecutive internodes of individual fibers. 

► Demyelination 

► Painless Neuropathies 


I- 

Seizure-Associated Headache 


Definition 

Headache which occurs before, during, or after seizure 
► Post-Seizure Headache 


I- 

Seizures 


Definition 

Frequent symptom in cerebral vasculitis; manifestation 
of systemic vasculitides and the isolated angiitis of the 
central nervous system. 

► Headache Due to Arteritis 


I- 

Selectins 

Definition 

Selectins are a family of transmembrane molecules, ex¬ 
pressed on the surface of leukocytes and activated en¬ 
dothelial cells. The selectin family members, L-Selectin, 
P-Selectin, and E-Selectin, are involved in the adhesion 
of leukocytes to activated endothelium. 

► Cytokine Modulation of Opioid Action 

I- 

Selection Factors 

Definition 

Selection factors are characteristics that increase the 
probability that the patient will be referred for treat¬ 
ment, or that increase the probability that a subject will 
be chosen for an experiment. 

► Psychiatric Aspects of the Epidemiology of Pain 

I- 

Selective Anesthesia 

Definition 

Selective anesthesia is a technique sometimes used to 
localize a source of pain. Small areas or individual teeth 
are anesthetized sequentially until the pain disappears. 

► Dental Pain, Etiology, Pathogenesis and Management 

I- 

Selective Nerve Root Block 

Definition 

A Pain Management technique for selectively anes¬ 
thetizing a single nerve root. 

► Epidural Steroid Injections for Chronic Back Pain 

► Spinal Cord Injury Pain 

I- 

Selective Nerve Root Injection 

Definition 

This term is often used to refer to a local anesthetic block 
placed outside of the neuroforamen, and some practi¬ 
tioners have advocated for its use as a diagnostic tool for 
identifying the level of pain-producing pathology. How¬ 
ever, placing even a small volume of injectate along the 
course of the spinal nerve within or near the neural fora¬ 
men can result in epidural spread, and analgesia at more 
than one spinal level. Placebo responses are also com- 
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mon. Thus the usefulness of selective nerve root injec¬ 
tion as a diagnostic tool is uncertain. 

► Cervical Transforaminal Injection of Steroids 

► Epidural Steroid Injections for Chronic Back Pain 


I- 

Selective Serotonin Reuptake Inhibitors 


Self-Organization 

Definition 

Self-organization is a process whereby a pattern at the 
global level of a system emerges solely from interactions 
among lower-level components of the system. 

► Consciousness and Pain 


► Antidepressant Analgesies in Pain Management |_ 

Self-Regulation 


I- 

Self-Constructs 


► Biofeedback in the Treatment of Pain 


Definition 

A term used in Personal Construct Theory, which fo¬ 
cuses on the constructs developed by individuals to 
explain and deal with their social world. Established 
chronic pain is often associated with self-constructs 
of being physically ill or impaired, with diminished 
control. 

► Therapy of Pain, Hypnosis 


I- 

Self-Reinforcement 

Definition 

Reinforcement that is not provided by others but the pa¬ 
tient him- or herself. 

► Operant Treatment of Chronic Pain 


I- 

Self-Efficacy 


i- 

Self-Report Pain Measures 

Definition 


Definition 

Self-efficacy is a person’s appraisal of his or her ability 
to engage in specific behaviors, ability to cope with a 
specific situation, or ability to cope with pain symptoms 
or stress in general. 

► Assessment of Pain Behaviors 

► Motivational Aspects of Pain 

► Psychology of Pain, Assessment of Cognitive Vari¬ 
ables 

► Psychology of Pain, Self-Efficacy 

► Therapy of Pain, Hypnosis 


Self-report pain measures are instruments that rely on 
the patient’s assessments of their pain intensity, pain af¬ 
fect, pain quality, and pain location, as well as constructs 
related to chronic pain. 

► Pain Inventories 


s 


I- 

Seltzer Model 

► Neuropathic Pain Model, Partial Sciatic Nerve Liga¬ 
tion Model 


I- 

Self-Management 

Definition 

Self-Management is an individual’s willingness and mo¬ 
tivation to exert effort on their own behalf to maximize 
their health or to minimize symptoms and disability. 
Self-management involves active efforts to control life 
and symptoms in contrast to passive dependency on 
others to provide treatment and assistance at all levels. 
► Cognitive-Behavioral Perspective of Pain 


I- 

Sense of Control 

Definition 

The belief that one is able to exert some control on life, 
problems, symptoms, and health. Perceptions of low lev¬ 
els of control contribute to passivity, dependency, low 
levels of persistence in the face of adversity, and ulti¬ 
mately a feeling of helplessness, emotional distress, and 
demoralization. 

► Cognitive-Behavioral Perspective of Pain 
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I- 

Sensitive Locus 

Synonyms 

LTR Locus; Local-Twitch-Response Locus 

Definition 

The sensory component of an MTrP locus is the sensi¬ 
tive locus, or local-twitch-response locus (LTR locus), 
which consists of sensitized receptors. From this locus, 
referred pain and LTR can be elicited by mechanical 
stimulation with a needle. 

► Dry Needling 

I- 

Sensitivity 

Definition 

Sensitivity is a statistical decision theory term equivalent 
to hit rate. It defines the probability that the testis positive 
when given to a group of patients with the disease. 

► Sacroiliac Joint Pain 

► Statistical Decision Theory Application in Pain As¬ 
sessment 

I- 

Sensitization 

Definition 

In the periphery, it describes the process by which the 
peripheral endings of nociceptive sensory neurones be¬ 
come more easily activated by stimuli. An increase in 
the excitability of the terminal membrane of peripheral 
nociceptive fibers reduces the amount of depolarization 
required to initiate an action potential discharge. Sensi¬ 
tization of a nociceptor is not caused by an unspecific 
lesion of the nociceptor, but by binding of sensitizing 
substances to specific receptor molecules in the mem¬ 
brane of the nociceptor. Typical sensitizing substances 
are prostaglandin E2 and bradykinin. In the CNS, it is a 
process by which nociceptive neurons become more re¬ 
sponsive to peripheral stimulation. This process requires 
a series of steps that include release of certain neuro¬ 
transmitters, activation of signal transduction pathways 
in the neurons that become sensitized, and phosphoryla¬ 
tion of excitatory surface membrane receptors, such as 
glutamate receptors, on the affected central neurons. 

► Allodynia (Clinical, Experimental) 

► Clinical Migraine without Aura 

► Deafferentation Pain 

► Hyperalgesia 

► Infant Pain Mechanisms 

► Inflammation, Modulation by Peripheral Cannabi- 
noid Receptors 


► Nociceptive Processing in the Amygdala, Neurophys¬ 
iology and Neuropharmacology 

► NSAIDs, Mode of Action 

► Postoperative Pain, Pre-Emptive or Preventive Anal¬ 
gesia 

► Postsynaptic Dorsal Column Projection, Functional 
Characteristics 

► Quantitative Thermal Sensory Testing of Inflamed 
Skin 

► Sensitization of Muscular and Articular Nociceptors 

► Spinothalamic Tract Neurons, Glutamatergic Input 

► Thalamus, Dynamics of Nociception 

I- 

Sensitization of Muscular and Articular 
Nociceptors 

Siegfried Mense 1 , Hans-Georg Schaible 2 
department of Anatomy and Cell Biology, University 
of Heidelberg, Heidelberg, Germany 
department of Physiology, Friedrich-Schiller- 
University of Jena, Jena, Germany 
mense @urz.uni-heidelberg.de, 
hans-georg.schaible@mti.uni-jena.de 

Synonyms 

Peripheral Sensitization in Muscle and Joint; increased 
resting activity and hyperexcitability of muscular and 
articular nociceptors; Muscular Nociceptors, Sensitiza¬ 
tion; Articular Nociceptors, Sensitization 

Definition 

In normal tissue, nociceptors have no resting activity and 
exhibit a high threshold to mechanical stimuli. In addi¬ 
tion, a nociceptor is supposed to encode the intensity of 
stimuli within the noxious range. During pathological 
processes in muscle and joint, nociceptive primary affer¬ 
ent neurons supplying these tissues are rendered active 
and hyperexcitable to mechanical stimuli. This process 
of sensitization of deep tissue afferents contributes to the 
dysesthesia and mechanical hyperalgesia observed after 
various forms of deep tissue injury. 

Characteristics 

Ongoing Pain/Dysesthesias and Mechanical Hyperalgesia Dur¬ 
ing Diseases or Overuse of Muscle and Joint 

A number of different conditions can cause painful sen¬ 
sations frommuscle, including overuse during strenuous 
exercise, trauma (blow to a muscle or muscle tear), is¬ 
chemic contractions, myofascial trigger points and acute 
myositis. All these conditions are accompanied by the 
release of agents frommuscle tissue that sensitize noci¬ 
ceptors (Mense 1993; Mense 2003). Generally, muscle 
lesions first cause tenderness (► allodynia, i.e. there is no 
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spontaneous pain, but light mechanical stimuli or move¬ 
ments are painful) and later spontaneous pain develops 
in addition to the tenderness. 

Joint inflammation is characterized by hyperalgesia and 
persistent pain at rest, which is usually dull and poorly lo¬ 
calized. Noxious stimuli cause greater pain than normal 
and pain is even evoked by mechanical stimuli whose in¬ 
tensity does not normally elicit pain (i.e. movements in 
the working range and gentle pressure, e.g. during pal¬ 
pation) (Schaible and Grubb 1993; Schaible 2005). 

Mechanosensitivity Changes in Muscle Afferents During 
Pathophysiological Conditions 

If a muscle contracts under ischemic conditions, severe 
pain develops within 1 or 2 minutes. During ischemia, 
a subpopulation of group IV units responds strongly 
to contractions, whereas these units are not or are only 
minimally excited by contractions when the blood sup¬ 
ply is intact (Mense and Stahnke 1983). This increase in 
mechanosensitivity may be due to compounds that are 
released by ischemia such as bradykinin, prostaglandins 
and protons. 

Experimental muscle inflammation is the typical ex¬ 
ample of chemical sensitization of nociceptors by 
pro-inflammatory agents released from muscle tissue. 
One effect of the sensitization is an increased discharge 
rate of group III and IV fibers. The activity increases 
gradually from intact to acute (carrageenan induced) 
and chronic (Freund’s adjuvant induced) myositis (Fig. 
lb). The discharges of group IV units in inflamed muscle 
are often intermittent, with bursts separated by periods 
of complete silence (Berberich et al. 1988) (Fig. lc, 
lower panel). The bursting pattern of activity is known 
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Sensitization by 5-HT to bradykinin 
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to be particularly effective at central synapses. More¬ 
over, in inflamed muscle, the mechanical threshold of 
muscle nociceptors drops markedly. This change ex¬ 
presses itself by a shift in the mechanosensitivity from 
high to low thresholds (Fig. 2). In normal, uninflamed 
muscle, high threshold mechanosensitive (HTM) units 
are generally assumed to be nociceptive, whereas low 
threshold mechanosensitive (LTM) units may inform 
higher centers about the degree of muscle activity, i.e. 
they fulfill ergoreceptive or proprioceptive functions. In 
inflamed muscle, no functional classification based on 
threshold can be made; an LTM unit may be a sensitized 
nociceptor or an originally non-nociceptive ending. The 
sensitization of nociceptors is assumed to be the periph¬ 
eral neuronal mechanism of tenderness of an inflamed 
or otherwise lesioned muscle (in addition to central 
nervous sensitization). 

Data from group IV units in normal muscle show that low 
concentrations of inflammatory agents such as serotonin 
and PGE2 sensitize these unencapsulated nerve endings 
without exciting them (Fig. la), whereas high concen¬ 
trations are excitatory (Mense 1981). Therefore, when a 
muscle lesion develops and the concentrations of inflam¬ 
matory substances rise, nociceptors are likely to be first 
sensitized and then activated. In patients, a similar tem¬ 
poral sequence can often be observed; first there is ten¬ 
derness (due to sensitization of nociceptors) followed by 
spontaneous pain (due to ongoing nociceptor activity). 
There are also cases where tenderness does not develop 
into spontaneous pain; a prominent example is delayed 
onset muscle soreness after unaccustomed exercise. In 
this case, the patients experience tenderness to pressure 
and pain during movements, but no pain during rest. 
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Figure 1 (a) Sensitization of a 
group IV muscle afferent unit by 
serotonin (5-hydroxytryptamine, 
5-HT) to bradykinin (Brad). The 
substances were injected into the 
muscle artery, (b) Mean background 
(ongoing) activity in group IV muscle 
afferents in rats with intact, acutely 
inflamed, and chronically inflamed 
muscle, (c) Original recordings of 
single group IV fibers in chronically 
inflamed muscle. The upper unit 
had irregular increased activity, 
whereas the unit in the lower panel 
exhibited bursting discharges. 
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Sensitization of Muscular 
and Articular Nociceptors, 

Figure 2 Changes in mechanical 
thresholds of group IV muscle 
afferents following muscle 
inflammation. Left panel, data 
from intact muscle; middle panel, 
data from rats with acute myositis 
(duration 2-8 h); right panel, data 
from chronic myositis (duration 12 d). 
The bars show the proportion of 
units with low (open bars) and high 
mechanical threshold (filled bars). 


Mechanosensitivity Changes in Articular Afferent Fibers Dur¬ 
ing Joint Inflammation 

An important mechanism for heightened pain sensi¬ 
tivity in a joint is an increase in mechanosensitivity 
in joint afferents. Changes in the discharge properties 
have been studied in models of acute and chronic joint 
inflammation. As an acute model of inflammation, the 
kaolin/carrageenan model has been used. After inj ection 
of kaolin and carrageenan into the joint, inflammation 
with swelling and cellular infiltration develops within 
1-3 hours. This time course permits recording from 
neurons before and importantly during development 
of inflammation, so changes in excitability can be ob¬ 
served directly. As a model of chronic inflammation, 
Freund’s adjuvant induced inflammation of the joint 
has been used. 

During development of acute inflammation, the dis¬ 
charge properties of articular afferents (see ► articular 
nociceptors) are significantly altered (Coggeshall et 
al. 1983; Schaible and Schmidt 1985; Schaible and 
Schmidt 1988). First, some low threshold group II 
fibers with rapidly conducting axons and corpuscular 
sensory endings show transiently increased responses 
to innocuous and noxious joint movements in the initial 
hours of inflammation. These fibers do not develop on¬ 
going discharges. Secondly, many low threshold group 
III and IV fibers with unencapsulated nerve endings that 
do not respond to movements within the working range 
in the normal joint exhibit increased responses to these 
movements. Thirdly, a large proportion of articular af¬ 
ferents in the normal joint that are only weakly activated 
by innocuous movements are sensitized, as well as high 
threshold afferents that do not normally respond to 
innocuous movements. After sensitization, they show 
pronounced responses to movements in the working 
range of the inflamed joint and enhanced responses to 
noxious movements. Fourth, neurons that have a recep¬ 
tive field but do not respond to movements of the normal 
joint develop responses to joint movements. Fifth, nu¬ 
merous initially mechanoinsensitive afferents (silent 


nociceptors) are sensitized and become mechanosensi¬ 
tive. Under normal conditions, these silent nociceptors 
do not show mechanosensitive receptive fields and they 
do not respond to innocuous or noxious joint movement. 
However, during the inflammatory process a receptive 
field becomes detectable, and the fibers start to respond 
to movements of the joint (Grigg et al. 1986; Schaible 
and Schmidt 1988). In addition, many units develop 
ongoing discharges in the resting position. 

Figure 3 shows discharges of a group IV fiber from the 
inflamed knee joint of the cat. The dots in Fig. 3a mark 
the most sensitive spots at which the fiber was activated 
by pressure to the medial collateral ligament and to the 
capsule. The fiber was also activated by pressure to the 
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Sensitization of Muscular and Articular Nociceptors, 
Figure 3 Discharges of a group IV fiber from the acutely inflamed knee 
joint of a cat. Inflammation was evoked by kaolin/carrageenan several 
hours before the recordings, (a) Receptive fields in the knee joint. Dots 
show most sensitive spots in the medial collateral ligament and the 
fibrous capsule. Shaded areas show sensitive areas in the medial and 
anterior aspect of the knee, (b) Resting discharges in the absence of 
mechanical stimulation, (c) Response to extension within the working 
range, (d) Response to flexion within the working range. 
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shaded areas. Under normal conditions, nociceptive ar¬ 
ticular afferents are only activated from tiny spots. This 
fiber had substantial resting discharges (Fig. 3b) and was 
strongly activated by extension (Fig. 3c) and flexion 
(Fig. 3d) within the working range of the joint. In¬ 
creased mechanosensitivity has also been found during 
chronic Freund’s complete adjuvant induced arthritis, 
suggesting that mechanical sensitization is an important 
neuronal basis for chronic persistent hyperalgesia of 
the inflamed joint (Guilbaud et al. 1985). 

Mechanisms of Sensitization of Muscular Nociceptors 

As was to be expected, there is a marked interaction 
between the many substances released during a muscle 
lesion. A sensitizing action of serotonin and PGE2 
on the responses of group IV units to bradykinin has 
been described above. Conversely, acetylsalicylic acid, 
a blocker of cyclooxygenase mediated prostaglandin 
synthesis reduced responses to bradykinin, indicating 
that bradykinin releases PGs from muscle tissue and 
thus potentiates its own action (Mense 1982). In in¬ 
flamed tissue, a neuroplastic change takes place in the 
bradykinin receptor. In normal tissue, bradykinin acts 
by binding to the B2 receptor, whereas in inflamed 
tissue, a new receptor molecule for bradykinin (the B1 
receptor) is synthesized by the dorsal root ganglion 
cell and mediates the effect of bradykinin. Recently, 
novel agents that are released in a pathologically al¬ 
tered muscle (protons, ATP, interleukin-6 (IL-6), tumor 


necrosis factor-a (TNF-a), brain derived neurotrophic 
factor (BDNF) and nerve growth factor (NGF)) have 
been tested for their excitatory and sensitizing action on 
single muscle group IV endings (Hoheisel et al 2004). 
NGF had an excitatory effect on muscle nociceptors, 
but there was no acute sensitization to mechanical stim¬ 
uli. This is no contradiction to other reports describing 
NGF induced hyperalgesia, because the subjective hy¬ 
peralgesia occurs after several hours and is centrally 
mediated. The NGF induced activation of the endings 
as well as immunohistochemical data show that muscle 
group IV units express the TrkA receptor for NGF. Sur¬ 
prisingly, TNF-a and BDNF desensitized the endings 
for several minutes. This suggests that in the periph¬ 
ery, sensitizing and desensitizing processes are active 
simultaneously. 

Mechanisms of Mechanical Sensitization of Articular Afferents 

The key to the changes in the mechanosensitivity of sen¬ 
sory group III and IV fibers is their chemosensitivity. 
A large proportion of these fibers express receptors for 
endogenous compounds that are produced and released 
during pathophysiological conditions. Mediators such 
as bradykinin, prostaglandins, serotonin and others are 
able to excite and/or sensitize primary afferent neurons 
to mechanical and chemical stimuli (see ► Articular no¬ 
ciceptors) . The application of these mediators can partly 
mimic the inflammation-evoked sensitization (see Ar¬ 
ticular nociceptors). 
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and Articular Nociceptors, 

Figure 4 Effects of indomethacin 
and subsequent PGE 2 on the 
discharges of articular afferents from 
inflamed cat knee joint, (a) Group III 
unit with three receptive fields in 
the inflamed knee. The initial three 
dots show the responses to flexion 
of the inflamed knee, the circles the 
resting discharges in the 30 s before 
flexion. Both responses to flexion and 
resting discharges were significantly 
reduced approximately 60 min after 
indomethacin. The intra-arterial 
injection of PGE 2 at increasing doses 
into the knee joint reversed the 
effect of indomethacin on resting 
discharges and flexion movements, 
(b) Group IV unit with a receptive 
field in the patellar ligament of the 
inflamed knee. The symbols show 
average resting discharges in three 
10 min periods before indomethacin, 
a reduction in the resting discharges 
after indomethacin and the reversal 
of the effect by intra-arterial injection 
of PGE 2 into the knee joint. CV: 
conduction velocity, T: threshold in 
electrical stimulation of joint nerve 
(From Heppelmann et al. 1986). 
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Limited knowledge is available about the potential 
of antagonists to reduce inflammation-evoked resting 
discharges and mechanical sensitization. Recordings 
of articular afferents have documented effects of nons¬ 
teroidal anti-inflammatory drugs (NSAIDs) in articular 
afferents. Both PGE2 and PGI2 cause ongoing dis¬ 
charges and/or sensitization to mechanical stimulation 
of the joint (cf Schaible 2005). Conversely, NSAIDs 
such as aspirin and indomethacin reduce spontaneous 
discharges from acutely and chronically inflamed joints 
and attenuate the responses to mechanical stimulation 
(Heppelmann et al. 1986). Figure 4 shows the effects 
of systemic indomethacin on the discharges of a group 
III fiber (Fig. 4a) and a group IV fiber (Fig. 4b) from 
the inflamed knee joint. Indomethacin reduced both the 
movement-evoked responses and the resting discharges 
(note that there is an interval of about 1 hour between 
the initial testing and the testing after indomethacin in 
Fig. 4a). The effect of indomethacin was reversed by 
subsequent intra-arterial application of PGE2 into the 
joint. 

As has been shown for muscle afferents, PGs sensitize 
joint afferents to the effects of bradykinin whether or 
not they have an excitatory effect. After the adminis¬ 
tration of PGE2, the fibers show more pronounced re¬ 
sponses to bradykinin. These data show the importance 
of prostaglandins in the process of peripheral sensitiza¬ 
tion. 
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Sensitization of the Nociceptive System 

Definition 

A process that leads to a decrease of the threshold of a 
certain stimulus (e.g. heat, pressure) that activates noci¬ 
ceptive neurons and elicits pain. Sensitization manifests 
in ► hyperalgesia, which is an increased response to no¬ 
ciceptive stimuli and ► allodynia, which is a sensation 
of pain caused by normally non-painful stimuli such as 
touch and cold. 

► COX-1 and COX-2 in Pain 
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Sensitization of Visceral Nociceptors 
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Synonyms 

Excitability; hyperalgesia; hypersensitivity; plasticity; 
Visceral Nociceptors, Sensitization 

Definition 

Among all categories of cutaneous receptors (i.e. 
mechanoreceptors, thermoreceptors and nociceptors), 
only nociceptors sensitize. Bessou and Perl (see Perl 
1996 for review) described an enhancement of re¬ 
sponsiveness of C-fiber ► polymodal nociceptors after 
exposure to noxious intensities of skin heating. This 
sensitization was manifest by an increase in discharge 
for a given stimulus intensity, associated with a low¬ 
ering of the response threshold to heat stimulation. 
Visceral ► mechanonociceptors exhibit the same abil¬ 
ity as cutaneous nociceptors to sensitize, but with 
significant differences. Like some cutaneous noci¬ 
ceptors, most, if not all visceral mechanonociceptors 
are polymodal. That is, they respond to mechanical, 
chemical and/or thermal stimuli. Unlike low threshold 
cutaneous receptors, both low- and high-threshold vis¬ 
ceral mechanoreceptors sensitize, suggesting that most 
mechanosensitive visceral receptors can function as, or 
contribute to, nociception. 
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Characteristics 

Stimuli adequate for activation of visceral nociceptors 
include distension of hollow organs, traction on the 
mesentery, ischemia and chemicals typically associ¬ 
ated with organ inflammation. As experimental hollow 
organ distension (e.g. with a balloon) reproduces in 
human subjects the quality and localization of patho¬ 
physiological visceral disorders (see Ness and Gebhart 
1990 for review), hollow organ distension and other 
mechanical stimuli (e.g. probing, stretch) have been 
most widely employed to examine the characteristics 
of visceral nociceptors. 

Virtually all visceral afferent fibers are thinly myeli¬ 
nated A8-fibers or unmyelinated C-fibers. Little is 
known about the structure of their peripheral termi¬ 
nals, and it is assumed that most peripheral visceral 
afferent terminals (i.e. receptors) are unencapsulated or 
“free” nerve endings. As conventional techniques have 
not been successful in morphological characterization 
of these nerve terminals, the assumption about their 
being unencapsulated is without direct experimental 
support. Two mechanoreceptive endings in the viscera 
have been identified, and both appear to be associated 
with activation by low intensity stimulation. These 
endings, intraganglionic laminar endings (IGLEs) and 
intramuscular arrays (IMAs), may represent a subset of 
mechanosensitive visceral receptors with functions that 
do not include nociception, although this is unknown 
at present. IGLEs have been found to lie parallel to 
muscle layers situated, as their name implies, at the 
surface of myenteric ganglia of the intrinsic innerva¬ 
tion of the organ. IGLEs have been best characterized 
on vagal afferent terminals that innervate the upper 
gastrointestinal tract. IMAs differ in morphology and 
distribution from IGLEs and, presumably, also in stim¬ 
uli adequate for their activation. IMAs are long terminal 
arrays associated either with circular or longitudinal 
layers of organ muscles; their distribution is more re¬ 
stricted than is the distribution of IGLEs. Due to their 
different morphologies and distributions, it has been 
suggested that IGLEs respond to muscle tension and 
detect rhythmic motor activity; IMAs are believed to 
respond to stretch (Powley and Phillips 2002). Their 
distribution in the proximal and distal gastrointestinal 
tract, and their association with sphincters, suggests 
roles other than nociception, but this remains to be 
established. 

Visceral mechanonociceptors in hollow organs are 
assumed to be associated with muscle layers, and to 
respond to tension developed in muscle produced by, for 
example, distension or stretch. The functional properties 
of visceral mechanoreceptive nociceptors (► mecha- 
noreceptive/mechanosensitive visceral receptors) have 
been characterized using both in vivo and in vitro prepa¬ 
rations, to record activity from both axons and cell soma 
of neurons innervating various organs. Two populations 


of mechanosensitive afferent fibers have been charac¬ 
terized in vivo : those with low thresholds for activation 
and those with high thresholds for activation, which 
likely fulfill the role of providing information about 
acute visceral nociception. Approximately 75-80% of 
visceral mechanosensitive afferent fibers recorded in 
a variety of animal species, and innervating a variety 
of organs (e.g. stomach, gall bladder, urinary blad¬ 
der, colon, uterus), have low thresholds for response 
within what is considered the physiological range (i.e. 
< 5 mmHg). The remaining 20-25% have thresholds 
for response in the noxious range (i.e. > 30 mmHg), 
an intensity of organ distension typically associated 
with ► nocifensive behaviors when applied in behaving 
animals (► Nocifensive Behaviors, Gastrointestinal 
Tract). Both low- and high-threshold mechanosensitive 
visceral afferents are slowly adapting and respond to 
organ distension, and both encode stimulus intensity 
into the noxious range. Thus, unlike cutaneous low- 
threshold mechanoreceptors, which do not respond 
to noxious intensities of mechanical stimulation of 
the skin, low-threshold visceral mechanoreceptors 
continue to encode into the noxious range (e.g. see 
Sengupta and Gebhart 1995 for review). To further 
distinguish low-threshold mechanosensitive visceral 
receptors from low-threshold cutaneous mechanorecep¬ 
tors, low-threshold visceral mechanoreceptors sensitize 
after experimental organ insult. Accordingly, because 
1) both low- and high-threshold visceral mechanore¬ 
ceptors encode into the noxious range, and 2) both 
low- and high-threshold visceral mechanoreceptors 
sensitize, they are functionally distinct from low- and 
high-threshold mechanoreceptors in the cutaneous 
realm, and are likely to contribute to nociception after 
organ insult. Figure 1 illustrates responses of alow- and 
of a high-threshold colon mechanoreceptor before and 
after organ irritation. The low-threshold pelvic nerve 
fiber exhibits a clear increase in response magnitude, 
particularly at distending pressures >30 mmHg, and 
an increase in spontaneous activity. The high-threshold 
pelvic nerve fiber exhibits a similar increase in response 
magnitude, as well as a decrease in response threshold 
from 30 to 10 mmHg. 

Mechanically insensitive, silent receptors have also 
been reported as innervating the viscera. Mechanically 
insensitive afferent fibers are unresponsive to intensi¬ 
ties of organ distension of 80-100 mmHg, but acquire 
spontaneous activity and mechanosensitivity after or¬ 
gan insult. As unbiased electrical search stimulation 
has not been widely used in such experiments, it is 
difficult to discriminate between afferent endings that 
might be chemo-selective, and thus not responsive to a 
mechanical search stimulus, and those which are truly 
mechanically insensitive. Accordingly, the proportion 
of silent receptors among the visceral innervation is 
unknown, and has been estimated at between 30% and 
more than 80%. 
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Nociceptors, Figure 1 Pelvic 
nerve afferent fiber responses 
to colon distension in the rat 
(distending pressures illustrated 
bottom-most). Representative 
responses of a low threshold 
and of a high threshold fiber 


n 

n 

n 

n 

n n 

are illustrated before (colored 
histograms) and 30 minutes after 
(black histograms) intracolonic 
instillation of 2.5% acetic acid. Both 

5 10 

20 

30 

40 

60 

80 100 

of these mechanosensitive pelvic 
nerve afferent fibers innervating the 


rat colon clearly sensitize following 

Distending Pressure (mmHg) experimental organ insult. 


In vitro organ-nerve preparations have led to broader 
functional characterization of mechanosensitive end¬ 
ings in the viscera. In all organs studied to date, in¬ 
cluding the esophagus, stomach, urinary bladder and 
colon, three receptors - mucosal, tension (muscular) 
and serosal - have been characterized, based on re¬ 
sponses to application of different mechanical stimuli. 
In addition, receptive endings that respond to both 
mucosal stimulation and stretch (muscular-mucosal 
receptors) have been found in the stomach, colon and 
urinary bladder, and mesenteric receptors have been 
identified in the lumbar splanchnic innervation of the 
colon (Brierly et al. 2004). The nature of these in vitro 
organ-nerve preparations allows for localization of 
receptive endings in the organ, which is not easily 
achieved using in vivo preparations, and also permits 
direct application of putative sensitizing mediators to 
the receptive ending in the organ. Receptive fields in 
vitro are typically 1-4 mm 2 in area; multiple receptive 
endings are occasionally found. Figure 2 illustrates 
responses to stretch of a muscular mechanosensitive 
ending in the urinary bladder of the mouse, and its 
activation by and sensitization following application of 
an inflammatory soup directly to the receptive ending 
in the urinary bladder. 

Sensitization represents a process by which neuron 
excitability is increased initially by events in the local 
environment of the nociceptive ending and, later, by 
transcriptional events in the cell soma. Local events as¬ 
sociated with sensitization include release of, synthesis 
of, or attraction of, chemical mediators and modulators 
to the site of organ insult. The list of putative media¬ 
tors/modulators of nociceptor sensitization is long, and 
includes amines such as histamine and serotonin, pep¬ 
tides such as substance P, products of arachidonic acid 
metabolism, protons, cytokines, ATP, etc. The lumen of 
hollow organs also contains at various times secreted 
peptides, protons, serotonin derived from enterochro- 
maffin cells, potassium ions in the urinary bladder, bile 
salts, etc. Two points of emphasis are important. First, 


many so-called functional visceral disorders such as 
non-ulcer dyspepsia, irritable bowel syndrome, and 
in some cases, interstitial cystitis, exist in the absence 
of biochemical or morphological evidence of tissue 
inflammation or pathology. Second, many if not all of 
the chemicals identified above are normally present, 
either within the lumen of hollow organs or released 
into the lumen as part of normal organ function. Accord¬ 
ingly, pain and discomfort associated with functional 
disorders can arise by an increase in excitability of 
mechanoreceptor endings in organ tissue layers in the 
absence of frank organ insult. 

An increase in excitability is associated with alterations 
in voltage-gated and/or ligand-gated ion channels 
present in visceral sensory neurons, which has been 
studied by whole cell patch clamp techniques. Voltage- 
sensitive ion channels underlie both the generation of 
action potentials and repolarization/hyperpolarization 
of sensory neurons. After experimental organ insult 
(e.g. stomach inflammation or ulceration), excitabil¬ 
ity is increased (Fig. 3). The increase in excitability 
(sensitization) is accompanied by changes in voltage- 
sensitive ion currents: the whole cell inward sodium 
current recovers more rapidly from inactivation and is 
significantly increased, principally contributed to by 
an increase in the tetrodotoxin-resistant sodium cur¬ 
rent (Bielefeldt et al 2002 a, b), and current density of a 
slowly inactivating outward A-type potassium current is 
significantly reduced (Dang et al. 2004). These changes 
in sodium and potassium currents after organ insult are 
wholly consistent with an increase in excitability that 
underlies the process of sensitization. Ligand-gated ion 
channels can similarly play a role in the process of sen¬ 
sitization, although direct evidence at present is limited. 
Several such channels/receptors are candidates as mod¬ 
ulators of sensory neuron excitability: acid-sensing ion 
channels (ASICs), transient receptor potential vanil- 
loid 1 (TRPV1) receptors, purinergic P2X channels 
and proteinase-activated receptors (PARs), to name 
but a few. In conjunction with whole cell patch clamp 
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Sensitization of Visceral 
Nociceptors, Figure 2 Recording 
of a pelvic nerve afferent fiber 
innervating the urinary bladder of 
the mouse. The top-most set of 
records illustrate action potentials 
and instantaneous firing frequency 
(above) during stretch of 10,15 and 
25 g applied to the receptive field of 
the afferent fiber. An inflammatory 
soup (IS) containing histamine, 
serotonin, prostaglandin E 2 and 
bradykinin, all at 5 mM in Kreb’s 
solution at pH 6.0, is shown to 
activate this afferent fiber, after 
which responses to stretch are 
significantly increased (bottom row 
of records). 
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recordings of identified visceral sensory neurons (e.g. 
Sugiura 2005), the use of receptor-selective agonists 
and antagonists, antisense oligonucleotides, and knock¬ 
out or knockdown strategies have further established 
roles for these channels/receptors in either or both basal 
visceral nociceptive sensitivity or the process of sen¬ 
sitization. For example, ATP is released from bladder 
urothelium during stretch or distension and activates 
pelvic nerve afferent fibers (Rong et al. 2002), P2X2 
and P2X3 receptors are increased in the urothelium of 


interstitial cystitis patients (Tempest et al. 2004), and 
P2X3 deficient mice exhibit reduced pain behaviors in 
general and urinary bladder hyporeflexia (Cockayne 
et al. 2000). Similarly, TRPV1 is expressed in visceral 
organs and bladder function is significantly altered in 
TRPV1 deficient mice (Birder et al. 2001; Birder et al. 
2002). Accordingly, as new information is acquired, 
it is likely that these and other ligand-gated receptors 
will be established as contributing to the modulation of 
visceral nociceptor sensitization. 
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Sensitization of Visceral 
Nociceptors, Figure 3 Whole cell 
patch clamp recordings (current 
clamp mode) of thoracic dorsal root 
ganglion cells innervating the rat 
stomach. In contrast to the control 
circumstance (left), the number of 
action potentials produced by current 
injection is significantly greater at a 
lower intensity of current in a neuron 
taken from a rat one week after 
gastric ulceration. 
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I- 

Sensorimotor Integration 

Sensorimotor integration by hippocampus (and associ¬ 
ated structures) is proposed to involve, in part, modu¬ 


lation of (voluntary) motor control regions by the hip¬ 
pocampus in response to sensory information entering 
the region. In addition, the hippocampus is proposed to 
integrate information regarding ongoing motor activity, 
with sensory information and feedback to the motor re¬ 
gions. 

► Nociceptive Processing in the Hippocampus and En- 
torhinal Cortex, Neurophysiology and Pharmacology 

I- 

Sensory Decision Theory 

Sensory decision theory refers to the application of 
statistical decision theory to judgments concerning two 
above-threshold sensory stimuli of different intensities. 

► Pain Measurement by Questionnaires, Psychophysi¬ 
cal Procedures and Multivariate Analysis 

► Statistical Decision Theory Application in Pain As¬ 
sessment 

I- 

Sensory Dimension of Pain 

Definition 

Dimension of pain characterized by the quality of the ex¬ 
perience (e.g. burning, aching, stinging), its spatial loca¬ 
tion, its temporal dynamics, and its subjective intensity. 

► Cingulate Cortex, Functional Imaging 

► Nociceptive Processing in the Cingulate Cortex, Be¬ 
havioral Studies in Humans 

I- 

Sensory Discrimination 

Definition 

The ability to experience and recognize changes in the 
quality, duration, location, and intensity of stimuli. 

► Pain in Humans, Sensory-Discriminative Aspects 

► Spinohypothalamic Tract, Anatomical Organization 
and Response Properties 

► Spinothalamic Neuron 
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I- 

Sensory-Discriminative Aspect of Pain 

Definition 

Certain aspects of pain sensation can be discriminated 
with accuracy. These include pain quality, location, in¬ 
tensity and duration. Sensory discrimination of painful 
stimuli is thought to depend on the processing of noci¬ 
ceptive information by the part of the spinothalamic tract 
that synapses in the ventral posterior lateral nucleus, and 
by that nucleus and the cortical areas to which it projects, 
including SI and SII. 

► Amygdala, Pain Processing and Behavior in Animals 

► Hypnotic Analgesia 

► Pain in Humans, Sensory-Discriminative Aspects 

► Parafascicular Nucleus, Pain Modulation 

► Secondary Somatosensory Cortex (S2) and Insula, Ef¬ 
fect on Pain Related Behavior in Animals and Humans 

► Spinothalamic Input, Cells of Origin (Monkey) 

► Thalamic Nuclei Involved in Pain, Cat and Rat 

► Thalamo-Amygdala Interactions and Pain 

► Thalamus, Nociceptive Cells in VPI, Cat and Rat 

I- 

Sensory Endings in Joint Tissues 

► Articular Afferents, Morphology 

I- 

Sensory Focusing 

► Psychological Treatment in Acute Pain 

I- 

Sensory Ganglia 

Definition 

Cluster of neurons in the somatic peripheral nervous 
system that contain the cell bodies of sensory nerve ax¬ 
ons. Sensory ganglia also have non-neuronal supporting 
cells. 

► Perireceptor Elements 

I- 

Sensory Ganglionectomy 

► Dorsal Root Ganglionectomy and Dorsal Rhizotomy 

I- 

Sensory Ganglionitis 

► Ganglionopathies 


I- 

Sensory Impairment 

► Dysfunctional Pain and the International Classifica¬ 
tion of Function 

I- 

Sensory Modalities 

Definition 

Sensory modalities are the basic types of sensory phe¬ 
nomena, such as vision, audition, somatosensation, 
smell, and taste. 

► Pain in Humans, Psychophysical Law 

I- 

Sensory Neuronopathy 

► Ganglionopathies 

I- 

Sensory Receptor 

Definition 

An organ having nerve endings (e.g. the skin, viscera, 
eye, nose, mouth) that respond to stimulation. 

► Perireceptor Elements 

I- 

Sensory Relay Neurons 

Definition 

Sensory Relay Neurons are projection neurons located 
between the spinal cord and the cerebral cortex relaying 
nociceptive messages to higher brain centers. 

► Postsynaptic Dorsal Column Projection, Anatomical 
Organization 

I- 

Sensory Rhizotomy 

► Dorsal Root Ganglionectomy and Dorsal Rhizotomy 

I- 

Sensory Saturation 

Definition 

Sensory Saturation is a maneuver for non-pharmacologic 
analgesia. It implies administering oral sugar, massag¬ 
ing the baby, attracting its attention by speaking. 

► Ethics of Pain in the Newborn Human 
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I- 

Sensory Stimulation-Guided 
Radiofrequency Neurotomy 

► Sacroiliac Joint Radiofrequency Denervation 


I- 

Sensory Transduction 

Definition 

Process by which energy in the environment is converted 
into electrical signals by sensory receptors. 

► Perireceptor Elements 


SEPs 

► Somatosensory Evoked Potentials 


I- 

Sequential Relay 

Definition 

A sequential relay has been proposed that consists of: 
(a) perforant path fibers of the entorhinal cortex that in¬ 
nervate dentate granule cells, (b) mossy fibers of dentate 
granule cells that innervate CA3 pyramidal cells, and (c) 
Schaffer-collaterals of CA3 pyramidal cells that inner¬ 
vate CA1 pyramidal cells. Stimulation of perforant path 
fibers can lead to sequential activation of the other mem¬ 
bers of the relay. 

► Nociceptive Processing in the Hippocampus and En¬ 
torhinal Cortex, Neurophysiology and Pharmacology 


I- 

Serotonergic 

Definition 

Related to the action of the serotonin, a biochemical neu¬ 
rotransmitter found primarily in the central nervous sys¬ 
tem, gastrointestinal tract and platelets. 

► Recurrent Abdominal Pain in Children 

► Stimulation-Produced Analgesia 


I- 

Serotonin 

Synonyms 

5-hydroxytryptamine; 5-HT 


Definition 

Serotonin is a monoamine neurotransmitter synthesized 
in serotonergic neurons in the central nervous system 
and enterochromaffin cells in the gastrointestinal tract. 
In the central nervous system, serotonin is involved in 
the regulation of mood, sleep, emesis, sexuality and ap¬ 
petite. It is thought to be significant in the biochemistry 
of depression, migraine, bipolar disorder and anxi¬ 
ety. Serotonin is contained in brainstem (medulla and 
midbrain) neurons with descending projections to the 
spinal cord or ascending projections in the forebrain. 
Projections to spinothalamic and spinomesencephalic 
tract neurons are believed to have inhibitory and/or 
facilitatory influences on these projection neurons. It 
is also released by platelets and mast cells during the 
inflammatory response. 

► Autologous Thrombocyte Injection as a Model of Cu¬ 
taneous Pain 

► Cancer Pain Management, Gastrointestinal Dysfunc¬ 
tion as Opioid Side Effects 

► Descending Circuitry, Transmitters and Receptors 

► Fibromyalgia 

► Molecular Contributions to the Mechanism of Central 
Pain 

► Spinomesencephalic Tract 

► Thalamic Neurotransmitters and Neuromodulators 

I- 

Serotonin Antagonist 

Definition 

A substance that blocks the action of serotonin. 

► Migraine, Preventive Therapy 

I- 

Serotonin Blockers 

Definition 

Type 3 serotonin (5-hydroxytryptamine [5-HT3]) 
receptor blocker, class of antiemetic agents; e.g. 
dolasetron, granisetron, ondansetron, and tropisetron. 

► Cancer Pain Management: Chemotherapy 

I- 

Serotonin Norepinephrine Reuptake 
Inhibitors 

► Antidepressant Analgesics in Pain Management 

I- 

Serous Meningitis 

► Headache in Aseptic Meningitis 
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I- 

Sex 

Definition 

Sex is the classification of living things, generally as 
male or female according to their reproductive organs 
and functions assigned by the chromosomal comple¬ 
ment. In essence, sex refers to the biological component 
of being male or female. 

► Gender and Pain 

► Psychological Aspects of Pain in Women 

I- 

Sex and Chronicity 

► Pain in the Workplace, Risk Factors for Chronicity, 
Demographics 

I- 

Sex Differences in Descending Pain 
Modulatory Pathways 

Anne Z. Murphy, Dayna R. Loyd 

Center for Behavioral Neuroscience, Georgia State 

University, Atlanta, USA 

amurphy@gsu.edu 

Synonyms 

Descending Pain Modulatory Pathways, Sex Differ¬ 
ences 

Definition 

The midbrain ► periaqueductal gray (PAG), and its de¬ 
scending connections with the ► rostral ventromedial 
medulla (RVM) and ► dorsal horn of the ► spinal cord, 
have long been recognized as the key neural circuit in the 
endogenous descending pain modulatory system. Re¬ 
cent anatomical and behavioral studies in the rat indi¬ 
cate that this PAG-RVM circuit is sexually dimorphic 
in its anatomical organization, and in its activation dur¬ 
ing acute or chronic inflammatory pain states. In par¬ 
ticular, quantitative differences were noted in the distri¬ 
bution of PAG-RVM output neurons for males and fe¬ 
males. This dimorphic organization was most evident 
within the caudal PAG, where twice as many PAG-RVM 
neurons were present in females versus males. Interest¬ 
ingly, while females have significantly more PAG neu¬ 
rons projecting to the RVM, very few (<12 %) of these 
cells are engaged during acute or chronic inflammatory 
pain states. By contrast, over 25 % of PAG-RVM neurons 
were activated by acute or chronic inflammatory pain in 
males. Sex differences in the PAG-RVM-spinal cord cir¬ 
cuit may contribute to sex-dependent sensory thresholds 
and opioid responsiveness. 


Characteristics 

The midbrain periaqueductal gray has been identified 
as a key neural structure in the endogenous descending 
analgesia circuit (Basbaum and Fields 1984). Electrical 
or chemical stimulation of the PAG inhibits both spinal 
and supraspinal nociceptive withdrawal reflexes, as well 
as dorsal horn neuronal responses to noxious peripheral 
stimulation (Reynolds 1969,Carstensetal. 1979). In ad¬ 
dition to ► stimulation-produced analgesia, the PAG is 
also a crucial neural substrate for ► opioid analgesia. 
Administration of ► morphine, or other mu opioid re¬ 
ceptor agonists, into the PAG produces potent analgesia, 
which is blocked by central or systemic administration of 
the opioid antagonist naloxone (Jensen and Yaksh 1986). 
There are no direct projections from the PAG to the 
dorsal horn of the spinal cord. Rather, the PAG provides 
direct and extensive input to the rostral ventromedial 
medulla (RVM). Bulbospinal fibers from the RVM de¬ 
scend within the dorsolateral funiculus, and terminate 
in the dorsal horn of the spinal cord at all rostrocau- 
dal levels (Basbaum et al. 1978). Similar to the PAG, 
stimulation of the RVM produces a powerful analgesic 
response, and the RVM is a critical site for morphine- 
induced analgesia (Le Bars et al. 1980). Lesions of the 
RVM or dorsolateral funiculus completely abolish PAG 
stimulation- or opiate-induced analgesia, indicating that 
this PAG-RVM-spinal cord circuit is a critical neural 
pathway for stimulation-produced, or opiate-induced 
analgesia. 

It is becoming increasingly clear that males and fe¬ 
males differ in both their sensitivities to pain (Fill- 
ingham 2000), as well as in the ability of opioids and 
other analgesic compounds to alleviate it (Craft 2003). 
For example, Krzanowska and Bodnar (1999) reported 
intra-PAG morphine ED50 values of 1.2 p,g for male rats 
in comparison to >50 |xg in estrus female rats. Similarly, 
in a model of chronic inflammatory pain, ED50 values 
for systemic morphine in male rats were 5.9 mg/kg, 
versus 9.4 mg/kg in cycling female rats (Murphy 2002). 
As the PAG-RVM circuit is an essential pathway by 
which morphine produces an analgesic response, sex 
differences in the anatomical organization and/or steroid 
regulation of the PAG-RVM pathway may account for 
sex-dependent pain thresholds or opioid analgesia. 

Anatomical Organization of the PAG-RVM Circuit 

Previous studies examining the anatomical and physi¬ 
ological characteristics of the PAG-RVM circuit have 
been conducted exclusively on males (Behbehani and 
Fields 1979; Basbaum and Fields 1979); thus, how this 
circuit is arranged in females was not previously known. 
Studies in our laboratory have used a variety of anatom¬ 
ical techniques to delineate the organization of the PAG- 
RVM circuit in males and females (Murphy 2001; Loyd 
and Murphy 2004). Injection of FG into the RVM results 
in dense retrograde labeling throughout the rostrocaudal 
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Sex Differences in Descending Pain Modulatory Pathways, Figure 1 (a) Distribution of cells retrogradely labeled following Fluorogold injection into 
the rostral ventromedial medulla for five rostrocaudal levels of the periaqueductal gray. Left, intact males; Right, cycling females, (b) Number of Fluorogold 
positive cells for males and females for five rostrocaudal levels of the periaqueductal gray. Black bars on top indicate the number of retrogradely labeled 
cells that also contained ERa. 


axis of PAG in both males and females. The distribu¬ 
tion of PAG cells retrogradely labeled from the RVM for 
males (left) and females (right) is plotted in Figure la 
for five rostrocaudal levels of PAG. As shown in Fig¬ 


ure 1, there are significant sex differences in the num¬ 
ber of retrogradely labeled neurons; this difference is de¬ 
pendent on the rostral-caudal axis of PAG. In the ros¬ 
tral PAG (Bregma -6.80 to -7.30), retrogradely labeled 
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neurons are localized within the dorsomedial and lat¬ 
eral columns of PAG. Both the distribution and number 
of retrogradely labeled neurons is comparable for males 
and females (Fig. lb). At mid-levels of PAG (Bregma - 
7.80), the distribution of PAG-RVM neurons within the 
lateral region of PAG extends ventrally into the ventro¬ 
lateral column in both males and females. In addition, 
a large number of retrogradely labeled cells are present 
within the dorsomedial region of PAG. As shown in Fig¬ 
ure IB, at this PAG level, there are almost twice as many 
PAG-RVM output neurons present in females in com¬ 
parison to males. This sex difference in retrograde la¬ 
beling is not restricted to one region of PAG, but rather 
is present within the dorsomedial, lateral and ventrolat¬ 
eral sites. Moving caudally through the PAG (Bregma 
-8.30), sex differences in the number and distribution 
of PAG-RVM output neurons becomes even more ev¬ 
ident, with females again having almost twice as many 
PAG-RVM output neurons as males. In females, PAG 
neurons retrogradely labeled from the RVM extend from 
the dorsomedial to the ventrolateral regions of PAG; by 
contrast, in males, PAG-RVM output neurons are pri¬ 
marily localized within the lateral region of PAG, with 
only a few retrogradely labeled neurons present within 
the ventrolateral region. In the most caudal pole of PAG 
(Bregma -8.80), the sex difference in the number of PAG- 
RVM neurons becomes less evident, with comparable 
numbers of retrogradely labeled cells present within the 
dorsal half of PAG. Flowever, in males, a very large pop¬ 
ulation of PAG-RVM cells is present within the ventro¬ 
lateral PAG that is not present in females. 

Steroid Modulation of the PAG-RVM Circuit 

The PAG contains a large population of both estrogen 
(ERa) and androgen (AR) receptor containing neurons 
(Murphy and Hoffman 2000, Murphy and Hoffman 
1999). Indeed, this region contains the largest popula¬ 
tion of steroid receptors outside of the hypothalamus. 
ERa immunoreactive neurons are localized primarily 
within the dorsomedial and lateral regions of PAG, 
and are highly co-distributed among PAG-RVM output 
neurons. For both males and females, the percentage 
of PAG neurons retrogradely labeled from the RVM 
that contained ERa ranged between 6-20 %, with no 
significant differences noted in either the distribution or 
number of dual labeled cells (Fig. lb). For both males 
and females, the largest percentage of PAG-RVM output 
neurons that also contained ERa was within the caudal 
PAG primarily within the dorsal half (Fig. la). 

Activation of the PAG-RVM Circuit 

In addition to the sexually dimorphic anatomical or¬ 
ganization of the PAG, the activation of this circuit 
during either acute (formalin) or chronic (intraplantar 
complete Freund’s adjuvant; CFA) inflammatory pain is 
similarly dimorphic (Murphy 2001; Loyd and Murphy 
2004). Figure 2a shows the distribution of PAG-RVM 


output neurons that also contained the ► Fos protein, 
a marker for neural activation, following formalin in¬ 
jection into the hindpaw. Similar results were obtained 
following CFA administration. Inflammatory pain, in¬ 
duced by either acute or chronic methods, resulted in 
extensive Fos induction throughout the rostrocaudal 
axis of PAG. No significant differences were noted in 
either the distribution or number of Fos+ cells for males 
in comparison to females. Interestingly, while there are 
a greater number of PAG-RVM output neurons present 
in females versus males, very few of these PAG neurons 
retrogradely labeled from the RVM were activated dur¬ 
ing inflammatory pain. Indeed, in females, overall less 
than 10 % of PAG-RVM neurons contain Fos following 
formalin injection; by contrast, in males, over 40 % 
of PAG-RVM neurons expressed Fos following either 
acute or chronic inflammatory pain. Sex differences 
in the activation of the PAG-RVM circuit were most 
prevalent within the lateral and ventrolateral regions of 
PAG. These regions are the critical PAG sites for either 
stimulation-produced or opioid-induced analgesia. 

Summary 

The anatomical organization of the PAG-RVM pathway 
is different for males and females. Within the caudal half 
of PAG, there are almost twice as many PAG-RVM out¬ 
put neurons present in females in comparison to males. 
There are also regional differences in the distribution 
of PAG neurons retrogradely labeled from the RVM for 
males and females. Up to 20 % of PAG-RVM neurons 
contain receptors for the gonadal steroid estrogen, sug¬ 
gesting that steroid modulation of the PAG-RVM circuit 
may contribute to the sex differences noted in sensory 
thresholds and opioid responsiveness. There are also sig¬ 
nificant sex differences in how this circuit is engaged 
during acute or chronic inflammatory pain states. To¬ 
gether, these data suggest that sex differences, in both 
the anatomical and functional organization of the PAG- 
RVM circuit, may contribute to sexually dimorphic pain 
thresholds and opioid responsiveness. 
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Sex Differences in Descending Pain Modulatory Pathways, Figure 2 (a) Distribution of cells retrogradely labeled from the rostral ventromedial 
medulla that co-expressed formalin induced Fos for five rostrocaudal levels of the periaqueductal gray. Left, intact males; Right, cycling females, (b) 
Percentage of Fluorogold positive cells that were also Fos+ for males and females for five rostrocaudal levels of the periaqueductal gray. 
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Synonyms 

Gender Differences in Opioid Analgesia; Opioid Anal¬ 
gesia and Sex Differences 

Definition 

Opioid analgesia that differs in potency, efficacy, time 
course or some other variable, between males and fe¬ 
males (defined anatomically or via sex chromosome). 

Characteristics 

Recent reviews of epidemiological, clinical and ex¬ 
perimental studies indicate that women suffer dis¬ 
proportionately more pain than men. A majority of 
experimental studies in humans report that women 
have lower pain thresholds and lower pain tolerance 
than men, for many, though not all, types of nox¬ 
ious stimuli (Berkley 1997). Women also report more 
endogenous pains, and a number of painful clinical 
syndromes, such as migraine, temporomandibular dis¬ 
order, rheumatoid arthritis, fibromyalgia, and irritable 
bowel syndrome, are more prevalent in women than in 


men (Berkley 1997; Unruh 1996; Fillingim 2000). The 
existence of sex differences in pain, and the fact that 
the developmental profile of some types of pain clearly 
parallels reproductive function, strongly suggest that 
gonadal steroid hormones significantly influence pain 
(Fillingim 2000; Riley et al. 1999; Craft et al. 2004). 
Given the significant roles of endogenous opioids and 
opioid receptors in pain and analgesia, it is not surpris¬ 
ing that sex differences in opioid analgesia have been ob¬ 
served. Greater opioid analgesia in women than men was 
initially reported in a series of studies conducted in den¬ 
tal pain patients (e.g. Gear et al. 1996; Gear et al. 2000). 
In these studies, the mixed-action opioid agonists pen¬ 
tazocine, nalbuphine and butorphanol were found to be 
longer-acting and/or more efficacious in women than in 
men. Due to the paucity of studies, it is still too early 
to draw firm conclusions regarding the reliability of sex 
differences in opioid analgesia in humans. In contrast, 
there are now sufficient studies in rats and mice from 
which some generalizations can be made. Mu opioid ag¬ 
onists such as morphine are often found to be more po¬ 
tent, and in some cases more efficacious, in male rodents 
than in females (Craft 2003a). Although a fair number of 
studies report no sex differences in opioid analgesia in 
rodents, almost none report greater opioid analgesia in 
females compared to males. Sex differences in mu opi¬ 
oid analgesia appear to extend to opioids with mixed ac¬ 
tions or selective kappa opioid agonist activity, whereas 
there is less evidence for sex differences in analgesia pro¬ 
duced by selective delta opioid agonists (Craft 2003a). 
Sex differences in opioid analgesia do not appear to de¬ 
pend on the type of acute noxious stimulus used in the 
pain test (thermal, mechanical, electrical, chemical), al¬ 
though they may depend on the intensity of the noxious 
stimulus (particularly when lower efficacy agonists are 
examined), and the hormonal state of subjects at the time 
of testing (Craft 2003a). For example, females in vaginal 
estrus (or ovariectomized females replaced with estra¬ 
diol) appear to be the least sensitive to morphine anal¬ 
gesia (Craft et al. 2004). 

Mechanisms underlying sex differences in opioid anal¬ 
gesia are not yet well understood. Gonadal steroid 
hormones such as estradiol and testosterone have been 
shown to act both organizationally (during develop¬ 
ment) and activationally (in the adult) to influence 
sensitivity to opioid analgesia in male and female rats 
(Craft et al. 2004). Gonadal steroids may influence 
opioid analgesia by modulating opioid pharmacoki¬ 
netics and/or pharmacodynamics. In rodents, gonadal 
hormones have been shown to influence opioid dis¬ 
position and metabolism, as well as opioid receptor 
density and signal transduction, at least in some brain 
areas (Craft et al. 2004, Craft 2003a). In humans, there 
is little evidence for sex differences in opioid pharma¬ 
cokinetics, but one group has demonstrated that brain 
mu opioid receptor binding potential differs between 
men and women exposed to a painful stimulus (Zuhieta 


s 





et al. 2002), suggesting that opioid receptor density or 
endogenous opioid release differs between men and 
women. 

The clinical impact of these findings is not yet known. 
Few preclinical studies have employed assays that 
closely mimic the clinical pain situations in which 
opioids are most often used, and sex difference studies 
in humans and non-human primates are still relatively 
rare. Thus, it is not known whether men and women are 
likely to respond differently to opioids under conditions 
of injury- or disease-induced hyperalgesia or allodynia, 
for example. Furthermore, two groups have demon¬ 
strated that rodent genotype is a significant moderating 
factor in sex difference studies (Mogil et al. 2000; 
Mogil et al. 2003; Cook et al. 2000), and this appears 
also to be the case in humans (Mogil et al. 2003). Of 
further potential clinical relevance, some rodent studies 
suggest that opioid tolerance may develop differentially 
in males and females, and that “side-effects” such as 
respiratory depression, sedation and euphoria may also 
differ between the sexes (Craft 2003a). As opioids are 
usually administered repeatedly, and side-effects may 
limit their therapeutic use, these are important issues to 
be resolved in determining whether opioid analgesics 
should be used according to “sex-specific guidelines” 
in the future (Craft et al. 2004; Craft 2003b). 
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I- 

Sexual Abuse 

Definition 

Forcing or enticing another person to take part in sexual 
activities, whether or not they are aware of what is 
happening. The activities may involve physical con¬ 
tact, including penetrative (e.g. rape or buggery) and 
non-penetrative acts. They may include non-contact 
activities, such as involving another person in look¬ 
ing at, or in the production of, pornographic material 
or watching sexual activities or encouraging another 
person to behave in sexually inappropriate ways. 

► Chronic Pelvic Pain, Physical and Sexual Abuse 

I- 

Sexual Activity Headache 

Definition 

Headache occurring during sexual intercourse. 

► Primary Exertional Headache 

I- 

Sexual Dysfunctions 

► Gynecological Pain and Sexual Functioning 

I- 

Sexual Pain Disorder 

► Dyspareunia and Vaginismus 

I- 

Sexual Response 

Definition 

There are four phases involved in the sexual response: 
desire, excitement, orgasm, and resolution. Desire is also 
referred to as libido. Excitement is a state of arousal that 
often occurs as a result of physical contact or emotional 
readiness. During excitement the body responds by in¬ 
creasing the heart rate, blood pressure, and respiratory 
rate. Blood flow increases to the genitals in both men and 
women. In women, this creates a state of engorgement in 
the labia and surrounding structures, as well as lubrica¬ 
tion of the vagina. In men, this results in an erection. The 
third phase, orgasm, is also called climax, where mus¬ 
cles in the genitalia and pelvic region contract. In males 
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this is accompanied by ejaculation. Finally, resolution 
is the return of the body to its original state. 

► Cancer Pain Management, Opioid Side Effects, En¬ 
docrine Changes and Sexual Dysfunction 


Short-Lasting Unilateral Neuralgiform 
Headache Attacks with Conjunctival 
Injection and Tearing 


i- 

SF-36 Health Status Questionnaire 


► SUNCT Syndrome 


Definition 

The SF-36 is a multi-purpose, short-form health 
survey with 36 questions. It consists of an 8-scale 
profile of functional health and well-being scores, 
psychometrically-based physical and mental health 
summary measures and a preference-based health util¬ 
ity index. It is a generic measure, in contrast to one that 
targets a specific age, disease, or treatment group. The 
SF-36 has been used in surveys of general and specific 
populations, comparing the relative burden of diseases, 
and in differentiating the health benefits produced by a 
wide range of different treatments. 

► Postoperative Pain, Preoperative Education 

SFEMG 

► Single Fiber Electromyography 


I- 

Shortwave Diathermy 

► Modalities 

I- 

Shoulder Pain 

Definition 

Non-specific shoulder pain is a prominent feature of 
polymyalgia rheumatica. 

► Muscle Pain in Systemic Inflammation (Polymyalgia 
Rheumatica, Giant Cell Arteritis, Rheumatoid Arthri¬ 
tis) 

I- 

Shoulder-Hand Syndrome 


SF-MPQ 

Definition 


► Complex Regional Pain Syndromes, General Aspects 


I- 

SI 


Short-Form McGill Pain Questionnaire. 
► McGill Pain Questionnaire 


► Primary Somatosensory Cortex (SI) 


s 


I- 

Sham 


i— 

Sll 


► Placebo 

I- 

Shear Stress 

Definition 

Shear stress is applied to vascular endothelial cells by 
the force of laminar blood flow along their surface. This 
induces COX—2 in the cells, which supplies endoper- 
oxides for the synthesis of prostacyclin (PGI2). 

► Cyclooxygenases in Biology and Disease 

I- 

Shingles Pain 

► Postherpetic Neuralgia, Etiology, Pathogenesis and 
Management 


► Nociceptive Processing in the Secondary Somatosen¬ 
sory Cortex 

► Secondary Somatosensory Cortex 

SII/PV 

► Nociceptive Processing in the Secondary Somatosen¬ 
sory Cortex 

I- 

SIA 

Definition 

Stress-Induced Analgesia. 

► Acupuncture Mechanisms 
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I- 

Sicca-Syndrome 

Definition 

Dryness of the mouth and eyes may be a sign of Sjogren’s 
syndrome, in which salivary glands are the main target 
for the autoimmune disease. 

► Muscle Pain in Systemic Inflammation (Polymyalgia 
Rheumatica, Giant Cell Arteritis, Rheumatoid Arthri¬ 
tis) 


I- 

Sick Role 

Definition 

A role legitimized by medical sanction, which by its 
“special status 11 relieves the patient of the usual demands 
and obligations and takes priority over other social roles 
(e.g. occupation, familial). In children, these behaviors 
may be learned or reinforced by parental or family 
responses. 

► Impact of Familial Factors on Children’s Chronic Pain 

► Malingering, Primary and Secondary Gain 

► Pain as a Cause of Psychiatric Illness 


I- 

Sickle Cell Disease 

Definition 

Sickle Cell disease is an inherited, chronic condition 
in which the red blood cells, which are normally disc¬ 
shaped, become crescent shaped. As a result, the red 
blood cells function abnormally and cause small blood 
clots. These clots give rise to recurrent painful episodes 
called “sickle cell pain crises” Sickle cell disease occurs 
most commonly in African Americans or in people of 
Mediterranean descent. Its severity can range from mild 
to life threatening. 

► Experimental Pain in Children 


I- 

Side Effects 

► Cancer Pain Management, Opioid Side Effects, Un¬ 
common Side Effects 

► Postoperative Pain, Adverse Events (Associated with 
Acute Pain Management) 


I- 

Sign of Formication 

► Tinel Sign 


I- 

Signal Detection Analysis/Theory 

Definition 

Signal detection analysis is used to explain how deci¬ 
sions are made in uncertain or ambiguous situations, 
e.g. judgments concerning the presence or absence of a 
stimulus at threshold intensity. Psychophysics, i.e. the 
characterization of the relationship between a physical 
stimulus and its subjective perception, represents an 
important area of application for signal detection anal¬ 
yses. Signal detection theory assumes that a person’s 
response to stimulation is influenced both by the abil¬ 
ity to discriminate between stimuli and by a response 
bias, i.e. subjective criteria used to label a stimulus, for 
example, as painful versus not painful. Signal detection 
analysis provides methods on how to estimate these two 
response components based on the person’s response 
pattern across trials. 

► Modeling, Social Learning in Pain 

► Statistical Decision Theory Application in Pain As¬ 
sessment 


I- 

Signaling 

Definition 

The process of conditioning an infant to anticipate the 
occurrence of a painful event based on the repeated pair¬ 
ing of a stimulus with the painful event. 

► Acute Pain Management in Infants 


I- 

Signaling Molecules of Thalamic Regions 

► Thalamic Neurotransmitters and Neuromodulators 


I- 

Signal-to-Noise Ratio 

Synonyms 

S/N Ratio 

Definition 

After some kind of stimulation, both real signals and 
background noises are recorded. This is the ratio be¬ 
tween them. If its value is high, it means a good record¬ 
ing. 

► Magnetoencephalography in Assessment of Pain in 
Humans 
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I- 

Significant Others 

Definition 

Significant others are important persons in the social en¬ 
vironment and most often include spouses or living part¬ 
ners, family members, neighbors, close friends and even 
a health care provider. 

► Psychological Assessment of Pain 

► Spouse, Role in Chronic Pain 

I- 

Significant Others’ Responses to Pain 

Definition 

It has been shown that the responses of significant others 
such as the spouse play an important role in the devel¬ 
opment of chronic pain. 

► Operant Treatment of Chronic Pain 


(myocardium). In silent myocardial ischemia, patients 
have myocardial ischemia as indicated by the marked ST 
segment changes of the electrocardiogram (ECG) with¬ 
out experiencing angina (chest discomfort). 

► Thalamus and Visceral Pain Processing (Human 
Imaging) 

► Thalamus, Clinical Visceral Pain, Human Imaging 

► Visceral Pain Model, Angina Pain 


I- 

Silent Nociceptor 

Robert F. Schmidt 

Institute of Physiology, University of Wurzburg, 

Wurzburg, Germany 

rfs @ mail.uni-wuerzburg.de 

Synonyms 

Mechanoinsensitive nociceptor; sleeping nociceptor 


I- 

Sildenafil 

Synonyms 

Viagra 

Definition 

Sildenafil (Viagra) is indicated for the treatment of erec¬ 
tile dysfunction. Erection is mediated by the release 
of nitric oxide in the corpus cavemosum of the penis. 
Nitric oxide stimulates the enzyme guanylate cyclase, 
which increases levels of cGMP; it is this response 
that creates smooth muscle relaxation and blood flow. 
A substance called phosphodiesterase type 5 (PDE5) 
leads to the degradation of cGMP. Sildenafil increases 
the availability of cGMP. Randomized controlled clini¬ 
cal trials demonstrate improved sexual performance as 
measured by firmness of erection, ability to maintain 
erection after penetration, as well as satisfaction and 
enjoyment with intercourse. The usual recommended 
dose is 50 mg administered 30-60 minutes prior to 
intercourse, with maximum recommended dosing fre¬ 
quency once per day. Clinical trials regarding the use 
of sildenafil to treat opioid-induced sexual dysfunction, 
in men or women, have not been conducted. 

► Cancer Pain Management, Opioid Side Effects, En¬ 
docrine Changes and Sexual Dysfunction 


I- 

Silent Myocardial Ischemia 

Definition 

Myocardial ischemia is the term for inadequate oxygen 
supply (from inadequate blood flow) to the heart muscle 


Definition 

► Nociceptors that are normally insensitive to even very 
intense mechanical stimuli but that become sensitized 
in the course of pathophysiological processes in the tis¬ 
sue to become responsive to (formerly) nonnoxious me¬ 
chanical stimuli. Silent nociceptors form a widespread, 
if not a universal, component of the somatovisceral af¬ 
ferent system in mammals. 


Characteristics 


Investigations of single primary afferent units in sen¬ 
sory nerves or in dorsal roots usually reveal a certain 
proportion of afferent fibers that despite their electrical 
identification cannot be excited by adequate natural me¬ 
chanical stimulation. Except for the ambiguity with re¬ 
spect to unmyelinated afferents (► C Fiber) in periph¬ 
eral nerves (some 50% of which are preganglionic au¬ 
tonomic efferents), the lack of responsiveness of such 
units is usually attributed to failure to find the periph¬ 
eral receptive field of the unit or to inadequate or sub¬ 
threshold natural stimulation. Usually such units are not 
even mentioned in reports of such studies, except per¬ 
haps indirectly in the data on the total number of units 
isolated.The concept of silent nociceptors first emerged 
in a series of studies that explored the responses of fine 
articular primary afferent units to passive movements of 
the cat’s knee joint (Coggeshall et al. 1983; Schaible and 
Schmidt 1983a; Schaible and Schmidt 1983b; Schaible 
and Schmidt 1985; Grigg et al. 1986). It was firmly estab¬ 
lished in experiments in which silent articular nocicep¬ 
tors were first identified and then afterwards exposed to 
an experimental arthritis. As illustrated in Fig. 1, this in¬ 
flammation sensitized the silent nociceptors to the point 
where many of them developed resting activity, as well as 
vigorous responses to movements in the working range 


s 
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KC 

H 


Resting activity 


124 min after Kaolin 



432 min after Kaolin 



b Extension 30s 



of kaolin (K and red arrow) and carrageenan ((C) and second red arrow in (a)). The receptive field (RF in (a)) shown in (d) (red dot near the patella) 
appeared about 100 min after the onset of inflammation, (b) and (c) Response to movements (b) and resting activity (c) in the inflamed state at the 
indicated times after the kaolin application; Ext., extension; IR, pronation. Modified from Schaible and Schmidt 1988a. 


of the joint (Schaible and Schmidt 1988a, Schaible and 
Schmidt 1988b). 

While the concept of mechanoinsensitive, i.e. silent 
nociceptors, in the articular nerves of the cat’s knee 
joint emerged from the experiments quoted above, it 
became obvious that there is most probably a range 
of mechanical thresholds for articular fine afferents 
under both physiological and pathophysiological con¬ 
ditions. Under physiological conditions, the spectrum 
of mechanical thresholds is rather evenly distributed, 
whereas under pathophysiological conditions, such as 
in experimental arthritis, all units become sensitized 
and the spectrum of thresholds is skewed, i.e. most 
units can now be activated by stimulation which under 
normal conditions is completely ineffective (for details 
see Schmidt and Schaible 1994). 

Following the description of silent nociceptors in the 
nerves to the cat’s knee joint, an ever increasing number 


of research reports have provided evidence that silent 
afferent units are widespread in mammalian somatic 
and visceral peripheral nerves, including nerves of pri¬ 
mates and humans (for reviews see Schmidt et al. 1994, 
Schaible and Schmidt 1996, Schmidt 1996). Thus, 
silent primary afferent units may be a universal feature 
of the somatovisceral afferent system of mammals and 
presumably of other vertebrates. They seem to form 
a substantial subpopulation of the fine afferent fibers 
in the ► A-delta (Group III) and ► C fiber (Group IV) 
range with particularly slow conduction velocities. 
Many details of the functional characteristics and the 
possible afferent and efferent functions of silent nocicep¬ 
tors have still to be elucidated. For instance, many of the 
mechanoinsensitive units can be activated by chemical 
stimulation, particularly by algesic substances such as 
► bradykinin, but whether such stimuli have any phys¬ 
iological significance under normal conditions is open 
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for discussion. Furthermore, no evidence is available yet 
as to whether silent afferents have more prominent ef¬ 
ferent functions than other fine afferent units. There is, 
however, little doubt that they form a special population 
of fine afferent units, which only come into play under 
pathophysiological conditions, thus providing a special 
alarm system to inform the organism about particularly 
threatening noxious stimuli. 

► Arthritis Model, Kaolin-Carrageenan Induced Arthri¬ 
tis (Knee) 

► Articular Nociceptors 

► Nick Model of Cutaneous Pain and Hyperalgesia 
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Simple Analgesics 
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Synonyms 

Paracetamol; acetaminophen; pain-killers; over the 
counter analgesics 

Definition 

The term - simple analgesics, is used to imply a class 
of drugs, designed to relieve pain, but which are less 
potent and safer than ► opioids, and which are not 
► NSAIDs, Survey (NSAIDs). In effect, the class of 
drugs is now represented only by paracetamol, known 
also as acetaminophen. 


Characteristics 

Paracetamol was first introduced in 1893, and became 
commercially available during the 1950s (Prescott 
2000). It has become the most widely available and 
most widely used analgesic. Much of its attraction 
stems from its relative safety. Although in large doses, 
either acutely or cumulatively, it can be toxic, parac¬ 
etamol is substantially free of adverse effects when 
used in recommended doses. For this reason, it rapidly 
became available to the public as “over-the-counter” 
medication, i.e. not requiring a prescription. 

In its pure form, paracetamol is a relatively weak anal¬ 
gesic, substantially less potent than opioids. In order 
to provide greater analgesia, preparations are avail¬ 
able, called compound analgesics, in which small but 
various doses of opioids such as codeine or dextro- 
propoxyphene, are combined with paracetamol. 

Mechanism 

The mechanism by which paracetamol exerts its anal¬ 
gesic effects remains largely a mystery. When it is 
used, the excretion of prostaglandin metabolites is de¬ 
creased, but paracetamol does not reduce the synthesis 
of prostaglandins. It has only a weak inhibitory effect 
on cyclo-oxygenase 1 and cyclo-oxygenase 2. It is 
suspected to have an effect on cyclo-oxygenase 3 or a 
variant of cyclo-oxygenase 2 (Botting 2000). 


s 


Application 

Paracetamol is suitable for any and all forms of mild to 
moderate pain and is used widely for such pain. Its appli¬ 
cation is limited only by its modest efficacy. It is perhaps 
most widely used for short-term management of acute 
but self-limiting pain, or intermittent pain; but it has also 
become the drug of first choice for persistent or chronic 
pain. 

Efficacy 

For a drug so widely used, and with such a long his¬ 
tory of use, there is surprisingly little literature explicitly 
on the efficacy of paracetamol. Rather, paracetamol has 
most often been studied as the benchmark, or compari¬ 
son, drug against which other and newer analgesics have 
been tested. Nevertheless, in recent years data on the ef¬ 
ficacy of paracetamol have emerged. 
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Paracetamol is effective for the relief of postoperative 
pain. For a 50% reduction in pain, it has an NNT (see 

► number needed to treat (NNT)) of 4 (Barden et al. 
2004). For the postoperative pain of dental extraction, 
it is more effective than placebo, and as effective as 
diclofenac (Kubitzek et al. 2003). 

For the relief of pain due to dy smenorrhoea, paracetamol 
is more effective than placebo and no less effective than 

► NSAIDs (Majoribanks et al. 2003). It has fewer side- 
effects than NSAIDs. 

For the relief of tension-type headache, paracetamol is 
more effective than placebo, and more effective than 
naproxen (Prior et al. 2002). For the relief of acute attacks 
of migraine, it is as effective, or slightly less effective, 
than various triptans (Diener and Limmroth 2001). 
Paracetamol has not been tested for the relief of spinal 
pain. There is conflicting evidence as to whether it is less 
effective than NSAIDs or not (Van Tulder et al. 2003). 
It can be used for rheumatoid arthritis, but surveys show 
that both patients and physicians prefer to use NSAIDs 
for this condition (Wienecke and Gotzsche 2004). For 
the treatment of pain due to osteoarthritis, the division is 
less clear. For this condition, paracetamol is more effec¬ 
tive than placebo but less effective than NSAIDs for the 
relief of pain (Towheed et al. 2003; Zhang etal. 2004), al¬ 
though equally effective to NSAIDs for improving func¬ 
tion (Towheed et al. 2003). NSAIDs, however, carry a 
greater risk of gastrointestinal side-effects (Towheed et 
al. 2003; Zhang et al. 2004). For this reason, paraceta¬ 
mol is recommended as a first-line drug for osteoarthritis 
(Towheed et al. 2003; Zhang et al. 2004). 

Although compound analgesics were developed with the 
prospect of providing greater analgesia and, therefore, 
greater patient satisfaction, than paracetamol alone, the 
outcome data are disappointing. A meta-analysis of 
the literature on oral surgery and post-operative pain 
showed that codeine added only a 5% increase in pain 
relief to that afforded by paracetamol alone (de Craen 
et al. 1996); but the addition of codeine significantly 
increased the risk of side-effects, particularly with re¬ 
peated use. Another meta-analyses found that, for 50% 
relief of postoperative pain, the NNT of paracetamol 
650 mg compounded with codeine 60 mg was 4: a value 
neither substantially nor statistically better than that 
of the NNT of paracetamol alone (4-5) (Moore et al. 
2000). Compared to paracetamol alone, paracetamol 
compounded with codeine had an NNT of 7.7 (Moore 
et al. 2000). Paracetamol compounded with dextro- 
propoxyphene has an NNT of 4.4 (Collins et al. 2000). 
For the relief of back pain, compound analgesics con¬ 
taining codeine are not more effective than NSAIDs, but 
produce more side-effects (Bogduk 2004). Compound 
analgesics containing dextropropoxyphene are no more 
effective than paracetamol with caffeine, or paracetamol 
alone (Bogduk 2004). 

► Cancer Pain Management, Principles of Opioid Ther¬ 
apy, Drug Selection 
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Simple Nerve Blocks 

Definition 

Numbing of a single peripheral nerve. 

► Cancer Pain Management, Anesthesiologic Interven¬ 
tions, Neural Blockade 


Simple Synapse 

Definition 

Synapse is composed of a complex of the axon terminal, 
dendrite or dendritic spine, and is often seen on presy- 
naptic axons. 

► Morphology, Intraspinal Organization of Visceral Af- 
ferents 
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I- 

Simulated Job Tasks 

Definition 

Simulated job tasks are in contrast to real work tasks. 
These are performed in job-related environments that 
imitate the clients’ regular occupation without produc¬ 
ing products or services. The Revised Handbook for An¬ 
alyzing Jobs is a useful starting point in designing sim¬ 
ulated job tasks. 

► Vocational Counselling 


r SIN 

► Neuropathic Pain Model, Neuritis/Inflammatory 
Neuropathy 

► Sciatic Inflammatory Neuritis 


I- 

Single Fiber Electromyography 

Synonyms 

SFEMG 

Definition 

SFEMG uses dedicated intramuscular electrodes to 
record action potentials from individual muscle fibers. 
SFEMG is the most sensitive in vivo method to detect 
dysfunctions of neuromuscular transmission. It is part 
of the diagnostic work-up of neuromuscular disorders, 
in particular myasthenia. 

► Clinical Migraine without Aura 


I- 

Single Interval Procedure 

Definition 

A single interval procedure is a statistical decision 
method in which a sensory decision is made after each 
stimulus presentation. 

► Statistical Decision Theory Application in Pain As¬ 
sessment 


I- 

Single Nucleotide Polymorphisms 

Synonyms 

SNP 


Definition 

Substitution of one nucleotide for another somewhere in 
the genome of different individuals. These are the most 
common type of DNA variant, occurring on average 
once in every 1,000 base pairs. Single Nucleotide Poly¬ 
morphisms (SNPs) are being catalogued and mapped 
in the genomes of various species, and are useful for 
both QTL mapping and association studies. 

► Association Study 

► Heritability of Inflammatory Nociception 

► NSAIDs, Pharmacogenetics 

► Opioid Analgesia, Strain Differences 

► Quantitative Trait Locus Mapping 

► TRPV1 Receptor, Species Variability 

I- 

Single or Straight Form of Terminal 
Branches 

Definition 

Terminal braches form several patterns depending on the 
function of the afferent fiber. Somatic afferents from skin 
make complicated, concentrated nest-like terminations 
different from visceral afferents, which have single or 
straight terminal branches. 

► Morphology, Intraspinal Organization of Visceral Af¬ 
ferents 

I- 

Single Photon Emission Computed 
Tomography 

Peter Lau 

Department of Clinical Research, Royal Newcastle 
Hospital, University of Newcastle, Newcastle, NSW, 
Australia 

petercplau @ hotmail.com 

Synonyms 

SPECT 

Definition 

Single photon emission computed tomography is a 
means of obtaining images of the internal structure 
of the body by combining the technology of nuclear 
medicine with that of computerized tomography (CT). 
Virtual images of the body are synthesized by a com¬ 
puter, based on the radiation emitted from a radioactive 
chemical administered intravenously to the patient. 

Characteristics 

According to their metabolic activities and blood flow, 
different healthy and diseased tissues absorb radionu¬ 
clides (radioactive isotopes) at different rates. When in¬ 
jected into the body, these radionuclides accumulate in 
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different tissues to different extents. From those tissues, 
radioactive emissions will emerge, in proportion to the 
concentration of radionuclide absorbed by them. By de¬ 
tecting those emissions across various diameters of the 
body, an image can be synthesized on the basis of the size 
and location of the inferred source of radiation. Images 
can be displayed in sagittal, axial or coronal planes. 
SPECT scanning does not demonstrate tissues directly. 
Rather, it detects areas of increased metabolic activity 
or increased blood flow. The site of these abnormali¬ 
ties, however, can be deduced from a knowledge of the 
anatomy of the region being studied. 

SPECT is a major advance on conventional nuclear 
medicine imaging because it provides high-resolution 
images of the region being studied. It converts the 
normally flat, two-dimensional image of a bone scan 
into multiple, axial, sagittal and coronal slices. This 
allows any source of radiation to be localized accurately 
to specific structures present the plane being studied 
(Murray 1994). 

Applications 

The application of SPECT in pain medicine is limited to 
those conditions that might be associated with pain and 
which themselves are characterized by increased blood 
flow. 

Amongst musculoskeletal disorders, those that are asso¬ 
ciated with increased blood flow are stress reactions in 
bone (Fig. 1), acute fractures (Fig. 2), pseudoarthroses 
and certain bone tumours. However, although several de¬ 
scriptive studies extol what SPECT can show, few stud¬ 
ies have demonstrated the validity of SPECT quantita¬ 
tively. 

In the context of low back pain, a review of the literature 
(Littenberg et al. 1995) found 13 reports on the accuracy 
of SPECT. Only three studies provided a reasonable ref¬ 
erence standard and allowed the calculation of sensitiv¬ 
ity and specificity. The review concluded that SPECT 
is useful in detecting pseudoarthrosis after failed spinal 
fusion, evaluating young patients with back pain and dis¬ 
tinguishing benign from malignant lesions in cancer pa¬ 
tients. 



Single Photon Emission Computed Tomography, Figure 1 A SPECT 
scan showing stress reaction in the sacro-iliac joints after lumbar spinal 
fusion. Both joints show intense uptake of radionuclides (arrows), (a) Axial 
view, (b) Coronal view. Images provided by courtesy of Dr John Booker of 
Hunter Imaging Group and Sonic Health, Newcastle, Australia. 



Single Photon Emission Computed Tomography, Figure 2 A SPECT 
scan of a vertebral compression fracture in the lower thoracic spine, (a) 
Coronal view, (b) Lateral view, (c) Axial view, (d) The accompanying bone 
scan. Images provided by courtesy of Dr John Booker of Hunter Imaging 
Group and Sonic Health, Newcastle, Australia. 


Although pseudoarthrosis can be detected, there is no 
evidence as yet, either that this abnormality is a cause 
of pain or that detecting it makes a difference to man¬ 
agement. In young athletes with back pain, SPECT is far 
more sensitive than plain radiography for the detection 
of pars fractures. However, because SPECT shows in¬ 
creased blood flow, rather than the fracture itself, it lacks 
specificity. SPECT will be positive not only in patients 
with actual fractures but also in patients with stress re¬ 
actions and incipient fractures. Supplementary CT is re¬ 
quired to demonstrate the morphology of the abnormal¬ 
ity detected by SPECT (Fig. 3). 

Osteoid osteoma accounts for approximately 10% of be¬ 
nign bone tumours and frequently affects young adults in 
the second decade. Although more commonly found in 
the proximal femur and tibia, it can also affect the poste¬ 
rior elements of the spine. SPECT allows for localisation 
of the uptake to the posterior element of the spine rather 
than the anterior body or the pedicles, which are sites 
of malignant primary and metastatic neoplasm. There¬ 
fore with solitary lesions, metastatic malignant disease 
should be suspected when the area of increased uptake 
extends from the vertebral body into the pedicle, whereas 
simultaneous involvement of the vertebral body and a 
portion of the posterior arch is most often caused by be¬ 
nign conditions. For other lesions associated with back 
pain, SPECT has not been sufficiently evaluated for ei¬ 
ther validity or cost-effectiveness. 

In the evaluation of hip pain, SPECT can be used to dis¬ 
tinguish activity from overlying or underlying tissues 
that otherwise obscures structures at the depth of inter- 





Single Photon Emission Computed Tomography, Figure 3 A SPECT 
scan of a bilateral pars stress fracture. The arrows point to the areas of 
increased uptake in the pars interarticularis. (a) Axial view, (b) Lateral view, 
(c) Coronal view, (d) The accompanying bone scan. Images provided by 
courtesy of Dr John Booker of Hunter Imaging Group and Sonic Health, 
Newcastle, Australia. 


est. Thus, the hyperaemia of the overlying soft tissues 
and the underlying acetabulum can be differentiated by 
SPECT from the abnormal activity of the femoral head 
in avascular necrosis. 

Some practitioners have used SPECT to demonstrate the 
juxta-articular hyperaemia that occurs in some patients 
with complex regional pain syndromes. While perhaps 
satisfying, this is a superfluous diagnostic investigation. 
The diagnosis of complex regional pain syndrome is en¬ 
tirely clinical and does not require SPECT for confirma¬ 
tion. 

For certain neurological disorders associated with pain, 
SPECT has potential, but still not proven, applications. 
To date, it has been used in an exploratory manner 
in experimental settings. In patients with migraine, 
SPECT has been used to demonstrate neurogenic in¬ 
flammation of the meninges (Pappagallo 1999). During 
migraine, antidromic activity in trigeminal afferents 
and orthodromic parasympathetic vasodilatory activity 
increase the permeability of vessels in the meninges to 
molecules such as albumin. SPECT is able to detect this 
exudation. In this regard, however, SPECT is not diag¬ 
nostic. Migraine is diagnosed by its clinical features. 
Rather, SPECT is a potential tool by which to explore 
the mechanisms involved in this condition. 

SPECT has been used to explore possible neurological 
correlates with somatisation disorders. A small, initial 
study has suggested that somatisation disorders may be 


associated with hypoperfusion of certain areas of the 
brain (Garcia-Campayo et al. 2001). It remains to be 
established, however, that these changes are specific to 
and biologically meaningful as the basis of somatisation 
disorders. 



I- 

Single Unit Activity 


Synonyms 

SUA 


Definition 

A microelectrode in the extracellular space records ac¬ 
tion potentials that constitute the output signal of neu¬ 
rons. The active zone of a tungsten microelectrode has a 
length of a few p,m tapered to a tip of < 1 p.m, giving an 
impedance around 0.5 Mfi. The signal is filtered from 
300 Hz to 3000 Hz. On the basis of their size and shape, 
the action potentials are assigned to individual putative 
neurons. 

► Thalamotomy for Human Pain Relief 


s 


I- 

Single-Unit Recording 

Definition 

Single-unit recording is a neurophysiological recording 
of a single neuron using a micro-electrode. 

► Insular Cortex, Neurophysiology and Functional 
Imaging of Nociceptive Processing 


I- 

Sinus Thrombosis 

Definition 

Sinus Thrombosis is a neurologic manifestation of Be¬ 
hcet's disease. 

► Headache Due to Arteritis 
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'siRNA 

Definition 

siRNA (small interfering RNA) are double-stranded 
RNA sequences, approximately 20 nucleotides in 
length, with characteristic 2-3 nucleotide 3’ overhangs. 
Introduction of siRNA into cells activates a posttran- 
scriptional gene silencing mechanism known as RNA 
interference (RNAi). siRNA are a relatively novel tool 
for inhibition of the synthesis of a protein of interest. 

► Purine Receptor Targets in the Treatment of Neuro¬ 
pathic Pain 


I- 

Situational Assessment 

Synonyms 

Job Site Evaluation 

Definition 

Situational assessment is undertaken in the ordinary 
work environment during a visit to the client’s ordi¬ 
nary workplace. It consists of systematic observation 
for assessing work-related behavior and occupational 
capabilities during the client’s performance of ordinary 
work tasks. The observations are video-recorded and 
used for ergonomic and/or job analyses. 

► Vocational Counselling 


I- 

Situational Factors 

Definition 

Situational factors are a multiplicity of cognitive, behav¬ 
ioral and emotional factors whose interplay with the pa¬ 
tient will greatly affect a child, whether to increase or 
decrease the child’s pain, distress or disability. 

► Cancer Pain, Palliative Care in Children 


I- 

Situational Pain Questionnaire 

Definition 

Situational pain questionnaire refers to the application 
of statistical decision theory to the construction of, and 
the analysis of, responses to a pain questionnaire. 

► Statistical Decision Theory Application in Pain As¬ 
sessment 


I- 

Sjogren’s Syndrome 

Definition 

Sjogren’s Syndrome is characterized by keratocon¬ 
junctivitis sicca and symptomatic xerostomia (the 
sicca-syndrome), and associated with the detection of 
anti-Ro (SSA - 97%) and anti-La (SSB - 78%) au¬ 
toantibodies. It is the most frequent of the autoimmune 
diseases characterized by sicca syndrome, and is often 
combined with rheumatoid arthritis. 

► Headache Due to Arteritis 

► Muscle Pain in Systemic Inflammation (Polymyalgia 
Rheumatica, Giant Cell Arteritis, Rheumatoid Arthri¬ 
tis) 

I- 

Sjaastad’s Syndrome 

► Paroxysmal Hemicrania 

I- 

Skin Conductance-Assisted Relaxation 

Definition 

A form of biofeedback that employs information about 
sweat gland activity in order to facilitate overall relax¬ 
ation. 

► Biofeedback in the Treatment of Pain 

I- 

Skin-Nerve Preparation 

Definition 

The skin-nerve preparation is an in vitro preparation 
consisting of a patch of skin and its nerve supply. It is 
very useful for establishing the receptive field properties 
of individual neurons. 

► Nerve Growth Factor, Sensitizing Action on Nocicep¬ 
tors 

I- 

Skin Nociception, Species Differences 

► Species Differences in Skin Nociception 

I- 

Skin-to-Skin Contact 

Definition 

Also known as kangaroo care: an infant is placed on 
his/her mother’s bare chest during a painful procedure 
or for soothing after a painful procedure. 

► Acute Pain Management in Infants 
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I- 

SLE 

► Systemic Lupus Erythematosus 

SLEA 

► Sublenticular Extended Amygdala 

I- 

Sleep 

Definition 

A physiological state usually characterized by isolation 
from the environment, except when an unpleasant or po¬ 
tentially harmful or life-threatening event is present. 

► Orofacial Pain, Sleep Disturbance 

I- 

Sleep Disturbance 

► Orofacial Pain, Sleep Disturbance 

► Pain in Humans, Sleep Disturbances 

I- 

Sleep Fragmentation 

Definition 

Interruption of any sleep stage by isolated or repetitive 
events such as sleep stage shifts (deeper to lighter), 
micro-arousal or awakening, short duration of deep 
St 3 & 4 sleep, or Alpha EEG wave intrusion. As a 
result, EEG frequency is in the fast range, heart rate 
is increased, muscle tone higher with occasional body 
movements. As a consequence, sleep continuity may 
be impaired and sleep complaints are frequent (e.g. 
un-refreshing). 

► Orofacial Pain, Sleep Disturbance 

I- 

Sleep Stage 

Definition 

A division of specific sleep period into sleep stages 
(St): light sleep (St 1 or 2), deep sleep (St 3 & 4) or 
Rapid Eye Movement (REM). Each sleep stage has it 
own EEG characteristics (frequency change or large 
amplitude signal such as K Complex in stage 2), heart 
rate and muscle tone, best demonstrated by poly graphic 
recording, which allows sleep stage scoring. 

► Orofacial Pain, Sleep Disturbance 


I- 

Sleeping Nociceptor 

► Silent Nociceptor 


I- 

Small-Caliber Afferent Fibers 


► Spinal Dorsal Horn Pathways, Muscle and Joint 


I- 

Small Fiber Neuropathies 

John W. Griffin 

Department of Neurology, Departments of 
Neuroscience and Pathology, Johns Hopkins 
University School of Medicine, Johns Hopkins 
Hospital, Baltimore, MD, USA 
jgriffi@jhmi.edu 

Definition 

The small fiber neuropathies are a group of disorders of 
diverse etiologies that have predominant involvement of 
A8 and C-fibers, with consequent impairment of noci¬ 
ception, variable degrees of autonomic dysfunction, and 
frequently neuropathic pain. 

Characteristics 

The “small fibers” of the PNS include the A8 and C sen¬ 
sory fibers, the y efferent fibers, and the preganglionic 
parasympathetic and postganglionic sympathetic C- 
fibers. In contrast, the large fibers of the PNS include 
the Ap afferents from skin, muscle, and the internal or¬ 
gans, as well as the a motor neurons. Most disorders of 
the PNS are characterized by distally predominant loss 
of axons, a process often referred to as distal axonal de¬ 
generation or “dying back” Distal axonal degeneration 
affects long fibers before shorter ones, with the distal- 
most regions of the long axons underlying pathologic 
changes that closely resemble Wallerian degeneration 
following axonal injury. With time, the process moves 
proximally up the long fibers, and shorter fibers become 
affected. This process can affect large caliber fibers, 
producing numbness in the toes, loss of the tendon re¬ 
flexes at the ankle, and weakness in the toes and ankles. 
When distal axonal degeneration affects small fibers 
predominantly, there can initially be a loss of protective 
and nociceptive sensibility in the toes and feet, auto¬ 
nomic features such as orthostatic hypotension, and 
often spontaneous stimulus-independent neuropathic 
pain. 
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Causes of Small Fiber Neuropathies 

Neuropathies that can prominently or predominantly 
involve small fibers include diabetic polyneuropathy 
(Dyck and Dyck 1999); amyloid neuropathy, either her¬ 
itable or associated with monoclonal gammopathies; 
the sensory neuropathy of AIDS; occasional patients 
with sarcoidosis; Fabry’s disease, a sex-linked reces¬ 
sive disorder; some other types of inherited sensory 
neuropathy; and idiopathic painful polyneuropathy, a 
frequent problem that especially affects elderly indi¬ 
viduals (Holland et al. 1998; Periquet et al. 1999). 

The understanding of the relationship of SFN to diabetes 
is evolving. Symptomatic diabetic neuropathy usually 
occurs in the setting of longstanding, well-documented 
diabetes. However, recent studies have found that loss 
of small sensory fibers and autonomic dysfunction can 
occur early in the course of diabetes. Presentation with 
neuropathic pain can occur at the stage of impaired glu¬ 
cose tolerance, before frank diabetes supervenes (Sin¬ 
gleton et al. 2001; Sumner et al. 2003). 

Clinical Manifestations 

The term “small fiber neuropathy” implies the triad of 
loss of protective sensibility, presence of spontaneous 
neuropathic pain, and autonomic dysfunction. The por¬ 
tion of the “small fiber” spectrum that an individual 
physician sees is defined by his or her specialty and 
patient population. To neurologists, the most frequent 
cause of presentation is neuropathic pain. To general¬ 
ists and diabetologists, presenting problems may reflect 
painless injuries or autonomic dysfunction alone. Ex¬ 
amples include diabetic patients who develop painless 
ulcers or foot fractures without other neurologic symp¬ 
toms, or diabetics who present with complaints of 
impotence in the absence of other symptoms. 
Irrespective of the initial complaint, most patients will 
develop elevated pin and thermal thresholds in the feet 
and some elements of autonomic dysfunction. The 
feature that distinguishes small fiber neuropathies from 
large or mixed neuropathies is the absence of loss of 
tendon reflexes at the ankle, of joint position sensibility 
in the toes, or of strength in the intrinsic muscles of the 
feet and in the ankle dorsiflexors and everters. 

The neuropathic pain is usually greatest in the feet, and 
with time may affect the fingers. Various adjectives are 
used to describe the pain, with “burning” among the most 
frequent. There are often superimposed lightning pains, 
sudden “stabbing” or “electric” pains in one limb that last 
for seconds to a minute or so. Patients frequently com¬ 
plain that the pain is worse at night, presumably reflect¬ 
ing the lack of distracting stimuli. The affected extrem¬ 
ities may have hypalgesia to touch and temperature, hy¬ 
peralgesia or allodynia to these modalities, or any vari¬ 
ation. 

Occasional patients have widespread small fiber loss 
and pain, involving the face, trunk, and arms as well as 
the legs (Holland et al. 1998). Such patients may well 


have a sensory ganglionopathy or neuronopathy (see 
► ganglionopathies), rather than a length-dependent 
process as the explanation for the widespread distribu¬ 
tion of their involvement. 

Laboratory Tests for SFN 

Several autonomic function tests that have been exten¬ 
sively used have well-established norms for the whole 
age range. They are limited by the fact that they are not 
widely available. Measures of cardiac and blood pres¬ 
sure regulation are most widely available. These tests 
include heart period variability (sinus arrhythmia) with 
standardized breathing, the Valsalva response, and mea¬ 
sures of blood pressure changes in going from lying to 
standing or on a tilt table (Diem et al. 2003). 
Sudomotor (sweat) testing is useful (Diem et al. 2003; 
Kennedy 2002; Low 1990). This approach allows assess¬ 
ment of regional differences in the body, including test¬ 
ing of the distal leg, the firstregion affected in most nerve 
diseases. Qualitative testing with dyes that change color 
with moisture, such as quinazarin and starch/iodine, can 
be done anywhere, but benefit from a controlled temper¬ 
ature/humidity room. Sweat production can be quanti¬ 
tated by silastic molds or by the quantitative sudomo¬ 
tor axon reflex test (QSART) (Low 1990). QSART is a 
measure of sudomotor function and requires specialized 
machinery. This test has been extensively validated, but 
is not widely available. 

As a test of small fiber sensory function, quantitative 
thermal testing has been validated for a variety of instru¬ 
ments, but also has limited availability. 

Skin biopsies can be used to study cutaneous nerve 
fibers, using selective immunocytochemical stains for 
specific C-fiber types (Herrmann et al. 1999; Holland 
et al. 1998; Kennedy and Wendelschafer-Crabb 1994). 
The technique is most highly developed for assessment 
of epidermal fibers. Most of these fibers are nocicep¬ 
tors. This technique offers the promise of being able 
to examine the same patient at multiple sites and at 
multiple times, creating a spatial and temporal picture 
of the degree of small fiber sensory loss. The use of 
punch skin biopsies with local anesthesia is well toler¬ 
ated by patients. Normative data has been published, 
and the reproducibility and interobserver reliability are 
excellent (McArthur et al. 1998). Abnormalities on skin 
biopsy and QSART have a high degree of concordance, 
suggesting that small fiber involvement typically affects 
both somatic sensory and autonomic postganglionic C- 
fibers, although there can be specificity of involvement 
by fiber population. 

Nerve biopsy can also be used to assess small fibers (Her¬ 
rmann et al. 1999), and has the advantage that large fibers 
can be assessed on the same specimen. However, there 
are several limitations. Only a few nerves, such as the 
sural, superficial peroneal, and some cutaneous nerves 
of the forearm are suitable for biopsy. Assessment of C- 
fibers requires electron microscopy, and the quantitation 
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by EM morphometry is laborious. Only one site in time 
and space can be biopsied. 

Pathogenesis 

It is widely accepted that neuropathic pain can be 
initiated by sensitization, hyperexcitability, and/or 
spontaneous discharge in primary afferent neurons, 
leading to “► central sensitization” or facilitation. 
When neuropathic pain of peripheral origin occurs in 
small fiber neuropathies, are spontaneous discharges in 
the degenerating small fibers driving the process? Or 
are the responsible nerve fibers their intact neighbors? 
Where in the afferent neuron does the spontaneous 
discharge arise, in the perikaryon, the degenerating 
terminal, or in intact terminals? The mechanisms by 
which degeneration of small sensory fibers including 
nociceptors generate neuropathic pain is not under¬ 
stood. An attractive hypothesis is that a new population 
of ion channels is inserted into the excitable membranes 
of the responsible neurons. Evidence that this mech¬ 
anism can apply in man comes from erythromelalgia, 
a disorder characterized by marked heat hyperalge¬ 
sia. Microneurographic studies identified a decrease 
in conduction velocity and an increase in activity- 
dependent slowing in C-fibers (Orstavik et al. 2003). In 
addition, C-fibers that would normally be classified as 
mechanically-insensitive afferents, based on their con¬ 
duction properties, had mechanosensitivity, suggesting 
that sensitization of nociceptors may play a role in this 
disease. Recently, mutations in the Na channel Na(v) 1.7 
have been identified (Yang et al. 2004). 

Treatment 

When possible, the treatment of the underlying disease 
should be treated. If there is loss of protective sensibility, 
protection from painless injury should be undertaken, 
as described in ► Diabetic Neuropathy Treatment. Ed¬ 
ucation regarding the nature of neuropathic pain is often 
helpful; patients interpret the spontaneous pain as evi¬ 
dence of ongoing tissue damage. Understanding the pain 
as dysfunctional nerve fibers can be reassuring. 

The first line medications of the neuropathic pain asso¬ 
ciated with SFN are anticonvulsants, and gabapentin is 
most widely used (Sindrup and Jensen 2000). An ana¬ 
log, pregabalin, has had reported efficacy in neuropathic 
pain. No head-to-head comparison with gabapentin is 
available. Carbamazepine and dilantin are alternatives 
for which some evidence of efficacy is available, and 
there are limited data surrounding lamotrigine (Sindrup 
and Jensen 2000). 

There is increasing attention to serotonin-norepineph¬ 
rine reuptake inhibitors, including duloxetine and ven- 
lafaxine. In older populations they are expected to pro¬ 
vide a better safety profile compared to tricyclic antide¬ 
pressants such as nortriptyline and amitriptyline. 
Tramadol, an analgesic that acts through both opiate and 
non-opioid receptors, is a second line medication. In pa¬ 


tients with severe pain not responsive to other modali¬ 
ties opiates, may be required. Opiates can be effective 
in neuropathic pain states (Raja et al. 2002). 
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I- 

Small Fiber Neuropathy/Polyneuropathy 


Definition 

Peripheral nerve disorders mainly affecting thin myeli¬ 
nated (A-delta) and unmyelinated (C-) fibers (small 
fibers). 

► Diabetic Neuropathy, Treatment 

► Toxic Neuropathies 
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I- 

Small Fibers 

Definition 

A collective term for small myelinated axons, unmyeli¬ 
nated axons, and small-diameter axons. 

► Toxic Neuropathies 

r SMP 

► Sympathetically Maintained Pain 

► Sympathetically Maintained Pain, Clinical Pharma¬ 
cological Tests 

► Sympathetically Maintained Pain in CRPS I, Human 
Experimentation 

r SMT 

► Spinomesencephalic Tract 

SNI Model 

► Neuropathic Pain Model, Spared Nerve Injury 

r SNL 

► Spinal Nerve Ligation Model 

'SNL Model 

► Neuropathic Pain Model, Spinal Nerve Ligation 
Model 

r SNP 

► Single Nucleotide Polymorphisms 

I- 

Social Dislocation and the Chronic Pain 
Patient 

Ranjan Roy 

Faculty of Social Work and Department of Clinical 
Health Psychology, Faculty of Medicine, University of 
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Synonyms 

Disruption; Displacement 


Definition 

Dislocation and loss of social roles associated with 
chronic pain are legion. They occur mainly in three 
areas, namely, work, family relations and social life. 

Characteristics 

The magnitude of social upheaval caused by chronic 
pain disorders is significant for many patients. Gen¬ 
erally, a pain patient seen at a pain clinic has failed 
to respond to the ministrations of modem medicine. 
She/he has lived with the pain for many months or even 
years by the time the patient arrives at a pain clinic. The 
descent of a person into chronic patienthood, and the 
new reality of this world, constitutes the central feature 
of this chapter. Many patients lose most of their valued 
roles, and the chronic sick role tends to loom large in 
their lives. 

The World of Work 

There can be little debate about the beneficial outcome of 
pain management programs, even in terms of patients re¬ 
turning to work following treatment. On the other hand, 
many patients do not. This job loss has profound con¬ 
sequences. At its simplest, it calls for a redefinition of 
self. A person’s sense of whom and what she/he is tends 
to be closely tied to what one does. “What do you do?” 
is probably one of the most oft asked questions in so¬ 
cial situations. Work is often at the center of one’s self- 
image, and constitutes the core identity. Hence, the loss 
of that identity for many patients poses an emotional and 
intellectual challenge of a magnitude that becomes the 
source of much grief and even depression. This process 
of redefinition of self, inevitably in the negative direc¬ 
tion, and the associated sense of loss are the two binding 
themes of this chapter. 

Loss of work, for many patients and their families, trans¬ 
lates into loss of income, loss of social standing, loss of 
friends and mates, and social isolation is not an unknown 
outcome. For many patients there is no greater insult than 
their inability to earn a living. Work for many is not a 
means to an end, but an end in itself. Job loss for health 
reasons that cannot always be medically substantiated, 
and challenged by employers, insurance companies and 
workers compensation board, creates an untenable situ¬ 
ation for the patient. Anger combined with humiliation 
and grief is not an uncommon presentation for these pa¬ 
tients. Loss of the occupational role is extraordinarily 
undesirable, and has consequences for every aspect of 
a person’s life. However, the impact of unemployment 
that results from chronic pain has received scanty atten¬ 
tion from researchers. 

When unemployment is caused by accidents and health 
problems, then it carries additional burdens of coping 
with poor health as well as unemployment. Both chronic 
pain and unemployment are known to produce similar 
negative consequences. Both generate family conflict, 
depression, ► somatization disorders, social isolation 
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and loss of roles. Unemployment also contributes to 
family violence, family crisis, health problems, and 
suicide (Roy 2001). A major Canadian study involving 
14,313 subjects revealed the far reaching consequences 
of unemployment (D’Arcy and Siddiquel987). Signifi¬ 
cant health differences emerged between the employed 
and the unemployed: the unemployed showing a higher 
level of distress, short and long-term disabilities, nu¬ 
merous health problems, and proportionately greater 
utilisation of health services. Interaction effects of so¬ 
cioeconomic status and demographic variables showed 
an association of employment status and emotional 
health. The blue-collar workers were more prone to 
physical illness in contrast to white-collar workers, 
who seemed more prone to emotional distress. Low- 
income unemployed, who were the principal wage 
earners, were the most psychologically distressed. An 
inescapable truth is that the pain clinic population is 
well-represented by this last group. It serves as a double- 
edged sword, because insufficient education is a known 
barrier to returning to work among individuals suffering 
from arthritis and musculoskeletal disorders. Fear of 
lay-off and unemployment is common in workers with 
low-back strain injuries, resulting in lost time. 

A high rate of unemployment among chronic pain pa¬ 
tients was reported in a comparative study of headache 
and back pain patients that was designed to grade the 
severity of chronic pain (Stang et al. 1998). The sample 
consisted of 662 headache and 1024 backache subjects. 
Over the study period of three years, 13% of headache 
subjects and 18% of back pain subjects were unable 
to obtain or keep full-time work due to their pain con¬ 
ditions. Among the employable, 12% head and back 
pain subjects, respectively, were unemployed. Grading 
of chronic pain emerged as a significant factor in pre¬ 
dicting disability, and the highest grade of chronic pain 
predictably showed the highest levels of affective dis¬ 
tress. Unemployment was strongly associated with pain 
grade, which has great significance for the population 
attending pain clinics, whose pain levels are generally 
very high. 

Studies investigating the consequences of the added bur¬ 
den of unemployment in the chronic pain population are 
few and far between. Jackson and associates (Jackson et 
al. 1998) investigated the complex nature of the effects 
of unemployment in a group of 83 chronic pain subjects 
and 88 healthy controls. After controlling for length of 
current unemployment and number of pain sites, several 
psychosocial measures, such as structured and purpose¬ 
ful time-use, perceived financial security, and social sup¬ 
port from formal sources, were the most powerful pre¬ 
dictors of emotional distress. Structured and purpose¬ 
ful time-use emerged as the most significant predictor of 
emotional distress for both groups. This study addressed 
in a most comprehensive way some of the consequences 
of chronic pain and unemployment and their power to 
predict emotional distress. 


► Depression, or at least many depressive symptoms, is 
ubiquitous in the chronic pain population. As previously 
noted, unemployment, on the basis of limited data, is 
high in this population. Averill and associates (Averill 
et al. 1996) investigated the impact of unemployment 
on depression in 300 patients randomly selected from 
1000 patients referred to a pain clinic. A remarkable 67 % 
of the subjects were unemployed. A statistically signif¬ 
icant association was found between work-related vari¬ 
ables and Beck Depression Inventory (BDI). Unequivo¬ 
cal support was found for an association between unem¬ 
ployment and increased depressive symptomatology. A 
Swedish study reported higher levels of depression in a 
group of unemployed women compared to an employed 
group (Hall and Johnson 1998). Their results showed 
that even after controlling for social support, stressful 
life-events, and marital status, depression on the basis 
of BDI was higher in the unemployed group. Pervasive 
feelings of social isolation, embarrassment, mild depres¬ 
sion, and a generally low life-satisfaction were reported 
in an investigation of 73 unemployed workers over the 
age of 50 (Rife and First 1989). Shame appears to be 
a common response to unemployment, associated with 
guilt, poorer mental health and not infrequently, clinical 
depression (Eales 1998). 

A Norwegian investigation of the effects of long-term 
unemployment in a group of 270 subjects reported the 
prevalence of depression, anxiety, and somatic illness 
was 4-20 times higher than a control group of employed 
persons at baseline (Classen et al. 1993). A striking find¬ 
ing was that the chances of reemployment were reduced 
by 70% among those with a psychiatric diagnosis. This 
study is of special relevance to the chronic pain popula¬ 
tion, many of whom fall into the long-term unemploy¬ 
ment category, and many of whom have major and minor 
psychiatric diagnoses. 
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Social Dislocation and the Chronic Pain Patient, Figure 1 Potential 
effcets of Chronic Pain and Unemployment. 
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The double jeopardy of chronic pain and unemployment 
often creates an untenable situation for pain patients. 
Chronic pain and unemployment often create the same 
problems. Both give rise to family conflicts; depression 
and somatization; social isolation; financial difficulties; 
and loss of roles. Unemployment is associated with a 
rise in family violence and suicide. The level of vulnera¬ 
bility for chronic pain patients is significantly worsened 
by the problem of unemployment (see Fig. 1). 

Family Relations 

Family disruption caused by chronic and debilitating 
illness including chronic pain is considerable. Research 
into this important topic is extensive, all pointing in 
the direction that many and varied aspects of family 
functioning is placed under jeopardy by chronic pain in 
a family member. Research in one critical area, namely, 
what may constitute healthy functioning for a family 
with a chronic pain patient in its midst, is non-existent. 
Should this resemble “normal” families as proposed 
by family researchers? Do these families learn to func¬ 
tion effectively without necessarily emulating normal 
families? 

The research literature reveals the diversity and com¬ 
plexity of family problems encountered by the chronic 
pain families. Findings are contradictory, and to-date 
there is no adequate way of judging what may be 
construed as optimum functioning for families with 
chronic patients in their midst. Family system-based 
studies have yielded very contradictory findings. Two 
family functioning scales, Family Environment Scale 
(FES) and Family Adaptability and Cohesion Evalua¬ 
tion Scale (FACES) are the most common measures of 
family functioning in the chronic pain literature. Stud¬ 
ies vary widely in the specifics of what precise family 
function may be adversely affected by chronic pain. 
Findings based on both these scales, on the one hand, 
show extensive family dysfunction in almost every 
aspect of family life and, on the other hand, virtually 
normal family functioning (Roy 2001). 

Prima facie, a review of the literature leads to a pre¬ 
dictable conclusion, that no aspect of family functioning 
remains unaffected by chronic pain. Family roles, com¬ 
munication, capacity for expression of positive feelings, 
family cohesion, family’s capacity for adapting to a per¬ 
son with chronic illness, family organization and family 
cohesion all fall prey to chronic pain. 

The following three studies investigated family func¬ 
tioning from a broad perspective and reported similar 
findings. One of earlier qualitative studies investigated 
family functioning of 12 back pain and 20 headache 
patients and their families (Roy 1989). The study was 
based on the author’s personal knowledge of these 
patients and their families. Roy’s assessment of these 
families was based on the McMaster Model of Family 
Functioning (MMFF). MMFF assesses the following 
dimensions of family functioning: 1) problem solving, 


2) communication, 3) roles, 4) affective responsiveness, 
5) affective involvement, and 6) behavior control. 

The capacity to solve problems was compromised for 
75% of back pain families and 100% of headache fam¬ 
ilies; communication was at the pathological end of 
the continuum for 50% of back pain and 75% of the 
headache families. Direct and clear communication was 
supplanted by unsatisfactory communication patterns. 
Another incidental finding was the actual amount of 
communication between the family members and the 
patient declined. 

Problems related to role functioning was pervasive. 
Nurturance and support related roles were ineffective 
for 75% of back pain and 100% of headache families. 
Children were the main victims of the failure of this 
critical aspect of family life. Marital and sexual grat¬ 
ification declined for 75% of back pain and 60% of 
headache families. Occupational and household roles 
were compromised for 50% of the back pain group, but 
the headache group remained unaffected. 

These families’ capacity to express a wide range of 
emotions or their affective responsiveness was seriously 
compromised. Nearly 65% of both groups expressed 
difficulties in this area. Not only did they fail to express 
the whole range of emotions, they were inclined to 
show their negative emotions more readily than posi¬ 
tive feelings. Their capacity for empathic involvement 
was also hampered, and 83% of back pain families and 
60% of headache families were found wanting. Finally, 
in the area of behavior-control, which deals with family 
rules, 83% and 80% of back and head pain families, 
respectively, were encountering difficulties. This par¬ 
ticular aspect of family life has special implications for 
families with children. 

This was a qualitative study and the findings were based 
on extensive family interviews. The interviews were an¬ 
chored to the MMFF. No specific family functioning in¬ 
struments were used. The objective of this study was to 
develop a comprehensive picture of how families were 
affected in their day-to-day functioning when an adult, 
usually a parent, was afflicted with a chronic pain dis¬ 
order. 

One American study employed the survey method to 
assess the social and personal impact of headache in a 
community sample of headache sufferers in Kentucky 
(Kryst and Scherl 1994). A total of 647 persons were 
assessed for serious headache. The 12-month period 
of prevalence for all serious headaches was 13.4%. A 
vast majority of these patients, 73.6%, reported that 
headache had adversely affected at least one aspect of 
their lifestyle. Of these 20% of men and 62% of women 
reported negative effects on their family relations. In 
addition, efficiency at work, attending social events, 
capacity for planning ahead, relations with friends, 
and self-image suffered for a significant proportion of 
this population. It is reasonable to assume that given 
the global impact virtually in every aspect of living 
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for these patients, that many dimensions of family life 
would have been disrupted. 

In a nationwide survey of 4000 persons, Smith (Smith 
1998) identified 350 migraine sufferers of whom 
269 were female and 81 males. This is an important 
study exploring many aspects of family life. Sixty-one 
percent reported that their headache had a significant 
impact on their families. Most families were either sym¬ 
pathetic or understanding of the member with headache. 
Nevertheless, headache delayed or postponed house¬ 
hold duties for nearly 79% of the respondents, and 
another 64% reported that activities with children and 
spouses were adversely affected. 

The household activities delayed or postponed included 
81% delaying or postponing house cleaning and yard- 
work, 79% laundry and shopping, 76% cooking, 69% 
activities with spouse, 62% activities with children, and 
18% stayed in bed. 

Social activities were either cancelled or postponed, 
albeit by a smaller number of patients. One striking 
finding was that 61% of the subjects had to give up 
parental care for children under 12. This included 61% 
canceling plans for playing, helping with homework or 
spending time together. Sixty-six percent of the chil¬ 
dren kept quiet, 25% of the children became confused 
and another 17% were hostile. This is an impressive 
catalogue of problems that affected younger children. 
For the older children between the ages of 12 and 17, 
87% stopped playing music or engaged in any noisy 
activities, 61% stopped asking questions or for help 
with homework, 42% stopped inviting friends home 
and 34% stopped visiting friends. However, children 
over 12 showed more understanding (87%) and 42% 
were helpful. Finally, 25% of the migraine sufferers 
reported that their headaches had a negative effect on 
their relationship with their spouse or partner. For a 
full 24% of the respondents, frequency and/or quality 
of sexual relations fell. However, only 5% reported 
divorce and another 5% cited headache as a cause for 
separation from a spouse or partner. 

This study, painted with a broad brush, leaves little room 
for doubt that migraine produces significant problems 
for the families, and that role related activities are seri¬ 
ously compromised. By extension, an argument can be 
made that the affective aspects of family life were also 
adversely affected. The author concluded that “... the pa¬ 
tients’ family should not be ignored when treating the 
individual patient and that appropriate involvement of 
the family may be indicated.” 

These three studies taken together show the extent of 
the damage that chronic pain inflicts on families. Fam¬ 
ily roles, communication, marital relations, relations 
with children are all affected by parental chronic pain. 
One central issue that needs to be addressed is how to 
determine effective family functioning in families with 
chronic pain patients. These survey type studies present 
a more comprehensive picture of the problems encoun- 


Social Dislocation and the Chronic Pain Patient, Table 1 Distribution 
of family problems in a group of chronic pain patients (Roy 1989) Sub- 
jectsrn = 12 with chronic back pain, n = 20 with chronic headache 


1 Family Problems Reported 

Back pain 

Headache 1 

Problem Solving 

75% 

100% 

Communication 

50% 

75% 

Role Function (Marital/Sexual) 

75% 

100% 

Household Roles 

50% 

Nil 

Affective Responsiveness 

65% 

65% 

Absence of Empathic Involvement 

83% 

60% 


Social Dislocation and the Chronic Pain Patient, Table 2 Distribution 
of family problems in a community sample of headache sufferers (Kryst 
and Scherl 1994)n = 647 


At least one aspect of lifestyle affected: 

73.6% 

Family relations adversely affected: Men 

20% 

Family relations adversely affected: Women 

62% 

In addition 

- Efficiency at work 

- Attending social events 

- Capacity for planning ahead 

- Relations with friends 

were issues for a majority of patients 


Social Dislocation and the Chronic Pain Patient, Table 3 Distribution 
of family problems in a community sample of migraine sufferers (Smith 
1998)n = 350, female = 269, male = 81 

Negative Impact on family 

61% 

Postponed Household Duties 

79% 

Postponed Housecleaning and Yard-work 

81% 

Postponed laundry and shopping 

79% 

Postponed cooking 

76% 

Postponed activities with spouse 

69% 

Postponed activities with children 

62% 

Stayed in bed 

18% 

Given up parental care on children underl 2 

61% 

Negative impact on partner relationship 

25% 

Decline in sexual relations 

24% 


tered by chronic pain families. The other point of note 
is the high level of agreement between the studies about 
the pervasiveness of family problems. The findings of 
these three studies are presented in the following tables 
(see Table 1,2, 3). 

Social Disruption 

The loss of a support system for chronic pain patients, 
especially those seen in pain clinics, is sadly a common 
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tale. Common sense dictates that persistent and severe 
pain narrows or eliminates social interaction. When job 
loss is added, the sense of isolation for some patients 
becomes almost as intolerable as the pain itself. 

As a starting point, the nature of interaction between 
an individual and the social support system is explored. 
It is convenient to visualize the support system as in¬ 
formal, semiformal and formal. Within the confines of 
the informal system, it is usual to have partners, close 
relatives, children, parents, grandparents, and perhaps 
close friends. The semi-formal system represents work, 
church, stores, voluntary associations, family physi¬ 
cians and so on. The formal systems consist of medical 
services, workers compensation board, unemployment 
insurance, Canada Pension, courts, police, and so on. 
Close listening to the patients reveals an interesting pat¬ 
tern in relation to the social system network. As their in¬ 
teraction with informal and semiformal systems shrink, 
their involvement with the formal systems tends to rise. 

Social Support and Headache 

The literature on the role of social support and headache 
is a collection of studies without benefit of a central 
theme, such as testing the buffering role of social sup¬ 
port. The literature is more concerned with the lack of 
social support or the need for its availability. Martin and 
Theunissen (Martin and Theunissen 1993) compared 
28 subjects with chronic headaches with two individ¬ 
ually matched control groups in terms of life-events, 
stress, coping skills, and social support. The headache 
group scored significantly lower on social support com¬ 
pared to the control groups. No differences were found 
on life-events, stress or coping between the groups. The 
authors suggested that clinicians should make some ef¬ 
fort to mobilize social support, and that effective social 
support should be considered a desirable treatment goal. 
Lack or ineffective use of social support was noted 
in a study of 87 undergraduates with recurrent ten¬ 
sion headaches, compared to 177 healthy subjects in a 
matched control group (Holm et al. 1986). Headache 
subjects relied on ineffective coping strategies of avoid¬ 
ance and self-blame, and made less use of social support 
than did normal controls. In another study involving 
Australian and American undergraduate students, a 
major finding was that the prevalence of headache was 
three to four times higher among American students 
than their Australian counterparts (Martin and Nathan 
1987). A greater incidence of stressors and a deficient 
social support system accounted for much of the differ¬ 
ence between the two groups. A study involving 62 adult 
chronic headache sufferers and 64 non-headache con¬ 
trols (Martin and Soon 1993) found that it was not 
just the ineffective use of social support that was prob¬ 
lematic, but a lack of satisfaction with the available 
support. However, support measures did not reveal any 
linear relationship with chronicity of headache. They 
made a plea for greater attention from clinicians and re¬ 


searchers to the social dimension of headache. Another 
study noted poorer social support in 24 female patients 
with cluster headache compared to randomly selected 
and age-matched migraine sufferers (Blomkvist et al. 
1997). However, cluster headache patients were found 
to be significantly more positive as to their anticipated 
activities in the future compared to migraine patients. 
The consequences for the lack of social support were 
not addressed. 

These studies on the whole failed to make a compelling 
case for the value of social support, and relied on the 
proposition of the intrinsic merit of such support. Nev¬ 
ertheless, a couple of these studies made a strong plea 
that the social dimensions of headaches, including social 
support, should be an integral part of a clinical investi¬ 
gation. 

Chronic Low Back Pain (CLBP) and Social Support 

A handful of studies investigated the influence of social 
support on CLBP. These studies generally confirmed the 
value of social support in coping with CLBP. Social sup¬ 
port appears to have the capacity to enable CLBP pa¬ 
tients to gain good pain control. That was one of the find¬ 
ings of a study involving 95 African-American CLBP 
patients (Klapow et al. 1995). Twenty-five subjects, cat¬ 
egorized with chronic pain syndrome, reported greater 
life adversity, more reliance on passive-avoidant coping 
strategies, and a less satisfactory network. In contrast, 
subjects reporting good pain control reported less ad¬ 
versity, less reliance on passive-avoidant coping strate¬ 
gies, and a more satisfactory social support network. A 
third group comprised of 24 subjects presented a mixed 
picture, to the extent that they reported less life adver¬ 
sity, but more reliance on passive-avoidant coping strate¬ 
gies and more satisfactory social support network. Their 
adaptation to pain was positive. Two points are notewor¬ 
thy: Firstly, a social support network was only one of the 
psychosocial factors predicting good pain control; and 
second, the concept of a social support network was not 
distinguished from intimate social support. 

A Swedish study that looked beyond intimate social 
support and involved a non-clinical population of 
90 registered nurses found that social support from 
co-workers, in addition to psychological demands, 
authority over decisions, and skill utilization, had a 
significant effect on the symptoms of low-back pain 
(Ahlberg-Hulten and Theorell 1995). However, neck 
and shoulder pain were only related to support at work. 
The latter finding was telling in terms of the role of 
social support in mitigating shoulder and neck pain. 
However, from a theoretical or clinical perspective, the 
reasons for social support being more effective with 
one kind of pain than another remain unclear. 

In another Swedish study, involving 22,180 employ¬ 
ees, 31% reported neck pain and 39% reported back 
pain (Linton 1990). Lifting, monotonous work tasks, 
vibration, and uncomfortable work postures were the 
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most important ergonomic factors. Work content and 
social support were the critical psychosocial factors. 
The combination of a poor psychosocial work environ¬ 
ment and exposure to one of the ergonomic variables 
produced the highest risk factors. In other words, inad¬ 
equate social support emerged as a very critical factor 
in predicting high risk for back pain. 

Trief and colleagues (Trief et al. 1995) investigated the 
role of social support in the mitigation of depression in 
70 patients with CLBP. The depressed patients differed 
from the non-depressed patients in their perceived social 
support and family environment. A noteworthy finding 
was that depression did not appear to have any associa¬ 
tion with rehabilitation outcomes. Clearly, susceptibility 
to depression in CLBP patients is related to the availabil¬ 
ity of social support, and to that extent, this study fur¬ 
nishes further evidence for the stress-buffer model for 
social support. 

Itis virtually impossible to draw any general conclusions 
on the basis of a handful of rather varied studies on social 
support and CLBP. While these studies confirm the use¬ 
fulness of social support in preventing depression or cop¬ 
ing more effectively with pain, they vary widely in scope 
and methodology. From a clinical perspective, they lend 
further credence to the necessity of careful assessment 
of the patient’s social support system. Yet, a common 
clinical observation that the social network for chronic 
pain patients tends to shrink over time has yet to be em¬ 
pirically confirmed (see Fig 2). 

Conclusion 

Significant losses of valued social roles demanding a re¬ 
definition of one’s sense of self or identity underpin the 


struggle for chronic pain patients. A patient’s familiar 
assumptive world is turned upside down. This chapter 
is a conscious attempt to emphasize the “social” in the 
biopsychosocial perspective of chronic pain. There is 
truly no debate about the significance of social factors 
in complicating medical disorders, and yet as a focus 
of research, the social aspects of chronic pain disorders 
still remains the least investigated. Not a single study 
is to he found on the global consequences of chronic 
pain. Job loss, disruption to family relationships, re¬ 
duced physical capacity, increased social isolation for 
the patient combined with decline in spousal health, 
and disruptive behavior in children is not as exagger¬ 
ated a scenario as one might be inclined to think. For 
many chronic pain patients, if pain was the only prob¬ 
lem they had to deal with, life for them would be a 
great deal more tolerable. Unfortunately, chronic pain 
disorders have a way of imposing related and yet un¬ 
foreseen problems that tend to make coping with pain 
much more onerous. A simple fact that depression and 
chronic pain together predict a poor outcome illustrates 
this point. Not infrequently, the root cause for depres¬ 
sion is to be found in the altered circumstances of the 
patients. 

Deliberate and well-planned social interventions to ad¬ 
dress specific problems needs to be incorporated into 
the overall management and treatment of our patients. 
Great strides have been made in relation to psychologi¬ 
cal treatment of chronic pain, but that cannot be said for 
social interventions. While at a common sense level clin¬ 
icians of every stripe fully appreciate the importance of 
the patient’s environment, for reasons that remain un¬ 
clear, their social problems are seldom addressed. On 
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the other hand, when the social problems are assessed 
alongside the medical and psychological ones, patients 
become the main beneficiaries of such a comprehensive 
approach. Research is rather silent on this topic. There 
is no empirical evidence to suggest that recognition and 
treatment of social problems alongside medical and psy¬ 
chological improves outcome. While researchers may 
want to sort that out, at a clinical level, the patients’ need 
for help with social problems cannot and should not be 
ignored. 

The way ahead is to pay heed to the social environment 
of the patient. Pain clinics must incorporate routine so¬ 
cial assessment of each patient alongside medical and 
psychological. Finally, a case is presented that captures 
the essence of social dislocation. 

Mr. Albert, in his mid30’s was involved in a work-related 
accident, which had profound impact on every aspect 
of his life. He was married man with a baby daughter. 
He was in the construction business and had a reputa¬ 
tion for his knowledge of commercial constructions. His 
wife worked, and together they generated a substantial 
income. He enjoyed a very close relationship with his 
parents. He was a churchgoer, had an extensive network 
of friends, and belonged to a number of social organi¬ 
zations. 

The accident, which occurred at a construction site, was 
initially not thought be serious. While lifting heavy ma¬ 
terial, he slipped and fell, sustaining bruises on his but¬ 
tocks and back. He was off work for a few days, seem¬ 
ingly made a complete recovery and returned to his job. 
He soon discovered that he was experiencing severe back 
pain, especially while lifting. He persisted until his pain 
worsened to the point that he had to take time off work. 
His employer remained very sympathetic to Mr. Albert’s 
situation. That was about to change. 

Mr. Albert sought medical treatment, and after exten¬ 
sive radiological, orthopedic and neurological investi¬ 
gations, he was pronounced fit. He was incredulous as 
his pain continued to worsen. He filed for worker’s com¬ 
pensation, which was denied. As a starting point, he was 
left with no income and a very painful lower back. He 
was in the early stages of conflict with three key sys¬ 
tems, medical, employer and the worker’s compensation 
board. His problems were just beginning. An immedi¬ 
ate consequence of the action of these three organiza¬ 
tions was a precipitous drop in his income. Thus began 
his struggle on the domestic front as well as the world 
outside. 

Regarding his trials and tribulations on the domestic 
front, a great reversal of fortune occurred along with an 
equally measurable change in his roles and attitudes. 
Sexual activities came to a halt. Mr. Albert assumed the 
role, albeit grudgingly, of a homemaker and babysitter, 
since they could no longer afford daycare. This fam¬ 
ily had no savings and they were forced into finding 
cheaper accommodation. All this time, Mr. Albert was 
not so gradually sinking into a chronic sick role. Level 


of tension between him and his wife became palpable, 
and his pain continued unabated. 

Mr. Albert’s search for a medical cure gained momen¬ 
tum. He saw several specialists and sub-specialists 
including a psychiatrist, but all the findings were nega¬ 
tive. In the meantime, strained finances created serious 
tensions in family relationships. Social outings, family 
get-togethers, even church and social activities were 
abandoned. All this happened in a matter of six months. 
His pain continued to be a mystery. Hopelessness and 
helplessness were the overpowering emotions he ex¬ 
perienced, at the basis of which was a terrific loss of 
self-esteem as man, a father, a partner and a provider. 
This is a summary of the information obtained during 
a routine psychosocial assessment at the point of Mr. 
Albert’s admission to a pain clinic. His story is not 
unique among chronic pain sufferers. 
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Social Learning 

Definition 

The process by which individuals acquire knowledge 
about different aspects of their social environment. 
This may include experience, behavioral consequences 
(e.g. reward vs. punishment) or observation. In short, 
it is a term used to describe the process by which new 
behaviors are learned through observation. 

► Behavioral Therapies to Reduce Disability 

► Psychology of Pain, Self-Efficacy 


Social Learning Theory 

Definition 

A psychological theory, proposed by Albert Bandura, 
in which the importance of observing and modeling the 
behaviors, attitudes, and emotional reactions of others 
is emphasized. 

► Impact of Familial Factors on Children’s Chronic Pain 


Social Security Disability Insurance 

Synonyms 

SSDI 

Definition 

The Social Security Disability Insurance (SSDI) is a na¬ 
tional program administered by the Social Security Ad¬ 
ministration that provides disability benefits to disabled 
workers insured under the Social Security Act, children 
of insured workers who become disabled before age 22, 
and disabled widows or widowers and certain surviving 
divorced spouses of insured workers. 

► Disability Evaluation in the Social Security Admin¬ 
istration 


I- 

Social Stressors 

► Stress and Pain 


I- 

Social Support 

Definition 

Social support generally refers to the availability or pro¬ 
vision of instrumental and/or emotional assistance from 
significant others. 

► Spouse, Role in Chronic Pain 


I- 

Socioeconomic Factors 

► Pain in the Workplace, Risk Factors for Chronicity, 
Workplace Factors 


I- 

Sodium Channel 

Definition 

A large transmembrane protein found in excitable cells 
that selectively allows sodium ions to cross the cell mem¬ 
brane in response to membrane depolarization. In axons, 
the influx of sodium ions initiates and restores the action 
potential. 

► Demyelination 


I- 

Sodium Channel Blockers 


S 


A chemical substance that will selectively block the 
movement of ions through a particular ion channel, 
e.g. TTX blocks some voltage-gated sodium channels. 
Sodium channel blockers are drugs used for epilepsy; 
however, the drugs are also effective in various neu¬ 
ropathic pain conditions, as for example trigeminal 
neuralgia, and may also be effective in phantom pain. 
► Postoperative Pain, Postamputation Pain, Treatment 
and Prevention 


I- 

Sodium Pump 

Definition 

The sodium-potassium ATP-ase. Specialized mem¬ 
brane protein that utilizes metabolic energy (ATP) to 
move sodium ions out of the cell in exchange for slightly 
fewer potassium ions. 

► Nociceptors, Action Potentials and Post-Firing Ex¬ 
citability Changes 
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I- 

Soft Tissue Manipulation 

► Massage and Pain Relief Prospects 

I- 

Soft Tissue Pain Syndromes 

Synonyms 
STP Syndromes 

Definition 

A generic term used to include painful medical condi¬ 
tions, such as bursitis, tendinitis, complex regional pain 
syndrome (CRPS), myofascial pain syndrome (MPS), 
and fibromyalgia syndrome (FMS), which substantially 
contribute to morbidity and physical dysfunction in the 
general population. 

► Muscle Pain, Fibromyalgia Syndrome (Primary, Sec¬ 
ondary) 

I- 

Soft Tissue Rheumatism 

► Myofascial Pain 

I- 

Softener 

Definition 

A softener is a laxative drug whose principal mode of ac¬ 
tion is to make the bowel movement softer and therefore 
easier to pass. 

► Cancer Pain Management, Gastrointestinal Dysfunc¬ 
tion as Opioid Side Effects 

I- 

Solicitous 

Definition 

Manifesting or expressing attentive care and protective¬ 
ness that is full of concern or fear. 

► Assessment of Pain Behaviors 

I- 

Solicitous Responses 

Definition 

Solicitous responses are defined as a set of positive re¬ 
sponses (e.g. expressions of sympathy, taking over du¬ 
ties and responsibilities) delivered by significant others, 
including the spouse or family members, contingent on 
display of pain behaviors. 

► Spouse, Role in Chronic Pain 


I- 

Solicitousness 

► Spouse, Role in Chronic Pain 

I- 

Soma 

Synonyms 

Perikarya 

Definition 

Soma refers to the cell body of the neurone, which ac¬ 
commodates its nucleus and the main part of its synthe¬ 
sis machinery such as the endoplasmic reticulum, ribo¬ 
somes, Golgi complex and mitochondria. 

► Nociceptors, Action Potentials and Post-Firing Ex¬ 
citability Changes 

► Spinothalamic Tract Neurons, Morphology 

I- 

Somatic Dysfunction 

Definition 

Somatic dysfunction is the impairment or altered func¬ 
tioning of the related elements of the musculoskeletal 
system. This is characterized by asymmetry of bony 
landmarks, altered articular mobility and tissue texture 
abnormality. 

► Chronic Pelvic Pain, Physical Therapy Approaches 
and Myofascial Abnormalities 

I- 

Somatic Pain 

Paul M. Murphy 

Department of Anaesthesia and Pain Management, 
Royal North Shore Hospital, St Leonard’s, NSW, 
Australia 

drpmurphy @ hotmail.com 

Definition 

This term is derived from the Greek 00p,a, meaning 
body. In principle, somatic pain is pain evoked by noci¬ 
ceptive information arising from any of the tissues that 
constitute the structure of the body. These would in¬ 
clude the bones, muscles, joints, ligaments, and tendons 
of the spine, the trunk, and the limbs; but technically 
they would include also the skull, the pachymeningeal 
coverings of the brain and spinal cord, and the teeth. 
More explicitly, somatic pain, is used to distinguish pain 
that does not arise from the viscera, i.e. internal organs, 
of the body. Pain from those structures is referred to as 

► Visceral Nociception and Pain. Similarly, pain from 
the head or skull is referred to as ► headache, and pain 
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from the teeth is ► dental pain. Consequently, somatic 
pain is effectively restricted to refer to pain arising from 
musculoskeletal structures, the limbs, the spine, the 
chest wall, and the abdominal wall. 

Somatic Pain is typically described as aching or stab¬ 
bing. It is localized to the area of tissue injury or stimu¬ 
lation, and may follow the distribution of a nerve root or 
peripheral nerve. A pivotal feature of somatic pain is that 
it is caused by the stimulation of the nerve endings of the 
peripheral nerves that innervate the tissues that are the 
source of pain. This feature distinguishes somatic pain 
from ► neuropathic pain, ► neuralgia, and ► radicular 
pain, in which the source of nociception lies in axons of 
the affected nerve. In this respect, somatic pain and vis¬ 
ceral pain do not differ. Both are evoked by the stimula¬ 
tion of free nerve endings. In mechanism and clinical fea¬ 
tures both are quite similar. They differ only with respect 
to the classification of the tissues from which they arise. 
Both somatic pain and visceral pain can be referred to 
remote sites. Although the mechanism of referral is sim¬ 
ilar, the clinical features of each differ (see ► Somatic 
Referred Pain and ► Visceral Referred Pain). 

Characteristics 

Background 

► Specificity theory suggests that the ► somatosensory 
system processes sensory modalities by means of spe¬ 
cific receptors and neuroanatomical pathways, although 
this view is less rigid than previously thought. As early as 
1906 it was proposed that cutaneous receptors respond¬ 
ing to noxious stimuli should be termed nociceptors 
(Sherrington 1906). 

Nociceptors 

Nociceptors in the skin and other deeper somatic tissues 
such as the periosteum are morphologically free nerve 
endings or simple receptor structures. A noxious stimu¬ 
lus activates the nociceptor, depolarising the membrane 
via a variety of stimulus specific ► transduction mech¬ 
anisms. C polymodal nociceptors are the most numer¬ 
ous of somatic nociceptors and respond to a full range of 
mechanical, chemical and thermal noxious stimuli (see 

► noxius stimulus). These nociceptors are coupled to 
unmyelinated C fibres. Electrophysiological activity in 
these slow conduction C fibres is characteristically per¬ 
ceived as dull, burning pain. Faster conducting A8 fibres 
are coupled to more selective thermal and mechanother- 
mal receptors considered to be responsible for the per¬ 
ception of sharp or “stabbing” pain (Julius and Basbaum 
2001 ). 

Spinal Cord Integration 

The majority of somatic nociceptive neurons enter 
the dorsal horn spinal cord at their segmental level. A 
proportion of fibres pass either rostrally or caudally 
in ► Lissauer’s tract. Somatic primary afferent fibres 


terminate predominantly in laminae I (marginal zone) 
and II (► substantia gelatinosa) of the ► dorsal horn, 
where they synapse with projection neurons and ex¬ 
citatory/inhibitory ► interneurons. Some A5 fibres 
penetrate more deeply into lamina V (Parent 1996). 
Projection neurons are classified as: 

1. Nociceptive specific (NS): 

• respond exclusively to noxious stimuli 

• small receptive field 

• predominate in lamina I 

• also in laminae II and V 

2. Low threshold neurons (LT): 

• respond to innocuous stimuli only 

• laminae III, IV 

3. Wide dynamic range neurons (WDR): 

• input from wide range of sensory afferents 

• large receptive field 

• predominate in lamina V (also in I) 


The amino acids ► glutamate and ► aspartate are the 
primary ► neurotransmitters involved in spinal ex¬ 
citatory transmission. Fast post-synaptic potentials 
generated via the action of glutamate on AMPA recep¬ 
tors are primarily involved in nociceptive transmission. 
Prolonged C fibre activation facilitates glutamate- 
mediated activation of ► NMDA receptors and subse¬ 
quent “► wind-up”. The peptidergic neurotransmitters 
► substance P and calcitonin G related peptide (CGRP) 
are co-produced in glutamatergic neurons and released 
with afferent stimulation. These transmitters appear to 
play a neuromodulatory role facilitating the action of 
excitatory amino acids. A number of other molecules 
including glycine, ► GABA, somatostatin, endogenous 
opioids and endocannabinoids play modulatory roles 
in spinal nociceptive transmission (Fiirst 1999). 


s 


Supraspinal Somatic Pain Pathways 

Nociceptive somatic input is relayed to higher cerebral 
centres via three main ascending pathways (Basbaum 
and Jessel 2000). 

1. Spinothalamic path: 

• originates in laminae I and V-VII 

• composed of NS and WDR neuron axons 

• projects to thalamus via lateral tracts (► neospino- 
thalamic tract) and medial tracts (► paleospino- 
thalamic tract) 

• lateral tract passes to ventral posterior lateral 
(VDL) nucleus and subserves discriminative 
components of pain 

• medial tract is responsible for autonomic and emo¬ 
tional components 
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• additional fibres pass to ► reticular activating sys¬ 
tem (arousal response) and the periaqueductal grey 
matter (PAG) (► descending modulation) 

2. Spinoreticular pathway: 

• originates in laminae VII and VIII 

• terminates predominantly on the medial medullary 
reticular formation 

3. Spinomesencephalic pathway: 

• originates in laminae I and V 

• terminates in midbrain 

• projects to mesencephalic PAG 

• not essential for pain perception but appears to 
modulate afferent input 

Cortical Representation of Somatic Pain 

Multiple cortical areas are activated by nociceptive 
afferent input including the primary and secondary 
somatosensory cortex, the insula, the anterior cingulate 
cortex and the prefrontal cortex. Pain is a multidi¬ 
mensional experience with sensory-discriminative and 
affective-motivational components. Advances in func¬ 
tional brain imaging have allowed further understanding 
of the putative role of cortical structures in the pain ex¬ 
perience. The primary and secondary somatosensory 
cortices and the insula predominantly subserve pain in¬ 
tensity. The prefrontal cortex, right posterior cingulate 
cortex and the brainstem/periventricular grey matter 
play important roles in interpreting pain intensity. The 
affective unpleasant sensation of pain appears to be 
subserved by the left anterior cingulate cortex, while 
the right anterior cingulate cortex, left thalamus and 
frontal inferior cortex play important roles in somatic 

► pain threshold (Treede et al. 1999). 

► Cancer Pain Management, Overall Strategy 

► Cancer Pain Management, Treatment of Neuropathic 
Components 

► Chronic Pelvic Pain, Musculoskeletal Syndromes 

► Diagnosis of Pain, Epidural Blocks 

► Rest and Movement Pain 

► Taxonomy 
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Somatic Referred Pain 

David Roselt 

Aberdovy Clinic, Bundaberg, QLD, Australia 
droselt @ aberdovy.com.au 

Synonyms 

Referred pain 

Definition 

Referred pain is pain perceived in a region innervated 
by nerves other than those innervating the source of the 
pain (Bogduk 1987; Merskey 1994). Somatic referred 
pain is explicitly somatic pain that becomes referred. The 
term is used to distinguish referred pain that arises from 
the musculoskeletal tissues of the body from ► visceral 
referred pain. 

Characteristics 

The physiological basis of referred pain is convergence. 
Common neurons in the spinal cord and thalamus receive 
sensory input from different peripheral sites, and relay 
this onto higher centres. Under those conditions, and in 
the absence of additional sensory input to clarify the sit¬ 
uation, the brain is unable to identify the source of the 
pain accurately, and attributes it erroneously to the entire 
area subtended by the common neurons (Bogduk 1987). 
Somatic referred pain typically occurs when the source 
of pain lies in a deep musculoskeletal structure, from 
which the brain is unaccustomed to receiving nocicep¬ 
tive input. Ambiguity as to the source of information 
arises, either or both, because the painful structure 
is not densely innervated, and the central pathways 
along which the information is relayed are not highly 
organized somatotopically. In essence, the ambiguity 
is “built in” to the nervous system. 

Nature 

Much of our understanding of referred pain arose from 
clinical experiments by Kellgren in the late 1930s (Bog¬ 
duk 2002; Kellgren 1938; Kellgren 1939). He showed 
that noxious stimulation of muscle using injections of 
hypertonic saline, produced local and referred pain that 
was diffuse and often perceived as being removed from 
the site of stimulation. In the limbs, muscle pain tended 
to be referred towards the joint upon which the muscle 
acted (Kellgren 1938). 

When investigating spinal referred pain by injecting 
interspinous ligaments with hypertonic saline, Kell¬ 
gren (1939) found that stimulation of thoracic segments 
produced referred pain in the posterior and anterior 
chest wall (Fig. 1). Injection into the cervical and lum¬ 
bar segments produced referred pain in the upper and 
lower limbs, respectively (Fig. 2 and 3). 

These experiments showed that spinal pain could arise 
from noxious stimulation of intrinsic structures of the 
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Somatic Referred Pain, Figure 1 Patterns of referred pain produced by noxious stimulation of the thoracic interspinous ligaments at the segments 
indicated. Based on Kellgren (1939). 




vertebral column, and produce pain referred to the trunk 
and limbs. This was in the face of the prevailing wis¬ 
dom and contemporary assumptions (that persist today) 
that referred pain from the spine could only be caused 
by nerve root compression (Bogduk 2002). 

Nerve root compression may cause ► radiculopathy, 
which is conduction block resulting in numbness and 
or weakness. It may cause ► radicular pain, which is 
pain arising from irritation of a spinal nerve or its roots. 
This pain has a different quality and distribution from 
somatic referred pain, and is due to ectopic activation of 
the nerve root axons or dorsal root ganglia, rather than 
stimulation of peripheral nociceptors (Bogduk 1987; 
Merskey 1994). 

Somatic referred pain occurs in a segmental distribution, 
and such stimulation of successively lower spinal seg¬ 
ments produces pain in successively more caudalregions 
of the trunk or limbs (Fig. 1, 2, and 3). This segmental 
pattern, however, does not correspond to dermatomes. 
Kellgren’s work was subsequently reproduced by others 
(Feinstein et al. 1954) who produced maps of referred 
pain similar to those of Kellgren. The patterns of dis¬ 
tribution of pain from a given segment are not identical 
between studies, and differ between individuals. Never¬ 
theless, all studies showed a segmental pattern. 

Inman and Saunders (1944) published an influential 
paper that firmly introduced the concept of sclerotomes. 
They proposed that sclerotomes represented the seg¬ 


mental pattern of innervation of skeletal tissues, and 
were different from dermatomes and myotomes. How¬ 
ever, although conceptually attractive, this concept is 
poorly founded. 

Dermatomes are the areas of skin supplied by individual 
spinal nerves. They were first mapped by studying the 
zones of eruption of vesicles in herpes zoster, which pro¬ 
vide aphysicaltracerof segmentalnerves. Subsequently, 
they were corroborated by studies of the zones of sen¬ 
sory loss following dorsal rhizotomy (Bogduk 2002). In 
this regard, dermatomes have a tangible, anatomical sub¬ 
strate. 

Myotomes are the groups of muscles supplied by a given 
spinal nerve. They were derived from mapping zones of 
weakness after segmental nerve injury, and reinforced 
by mapping EMG activity in response to electric stim¬ 
ulation of segmental nerves (Bogduk 2002). Therefore, 
they too, have an anatomical substrate. 

In contrast, no anatomical substrate for sclerotomes has 
been established. No one has traced the segmental in¬ 
nervation of skeletal tissues. Sclerotomes were only in¬ 
ferred to exist simply because pain from deep, skeletal 
tissues, seemed to follow a segmental pattern. The maps 
published by Inman and Saunders (1944) were ideal¬ 
ized and not based on published quantitative data (Bog¬ 
duk 2002). They did not take into account the variance 
between individuals and between studies, in the patterns 
of somatic referred pain. This variance suggests that the 
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purported pattern of segmental innervation of deep tis¬ 
sues is not consistent. Alternatively, and furthermore, 
pattern referral may be more due to differences in central 
connections of deep somatic afferents, than to patterns 
of peripheral innervation. 

Kellgren’s work was extended, when researchers from 
the mid-1970s onwards investigated patterns of referred 
pain from structures more likely to be clinically relevant 
than the interspinous ligaments. 

Mooney and Robertson (1976) injected hypertonic 
saline into the lower lumbar zygapophysial joints in 
normal volunteers, and produced low back pain with 
referral to the lower limbs. This knowledge was then 
applied to relieve similar clinical pain, by injecting 
local anaesthetic and steroid into patient’s lumbar 
zygapophysial joints. 


Others have reproduced or emulated this study, using 
intra-articular injections and electrical stimulation, to 
confirm that the lumbar zygapophysial joints can be a 
source of referred pain into the buttock and lower limb 
(Bogduk and McGuirk 2001). Studies have also shown 
that noxious stimulation of lumbar intervertebral discs 
(O’Neill et al. 2002) and the sacroiliac joint (Fortin et 
al. 1994) can produce referred pain into the lower limb. 
The patterns of pain from lumbar structures, however, 
are too variable to be used to infer the segmental location 
of the source of pain. 

In contrast, noxious stimulation of the zygapophysial 
joints of the cervical spine causes pain in distinctive pat¬ 
terns, which can be reliably used to pinpoint the seg¬ 
mental source of pain (Bogduk 2003) (Fig. 4). Accord¬ 
ing to their segmental location, these joints refer pain 
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Somatic Referred Pain, Figure 3 Patterns of referred pain produced by noxious stimulation of the lumbar interspinous ligaments at the segments 
indicated. Based on Kellgren (1939). 



Somatic Referred Pain, Figure 4 Patterns of referred pain produced by 
noxious stimulation of the cervical zygapophysial joint or the cervical in¬ 
tervertebral discs. 


to the shoulder girdle or into the head (Bogduk 2003; 
Bogduk 2004). The same segmental patterns apply to 
cervical intervertebral discs (Grubb and Kelly 2000). 
Somatic referred pain can be associated with muscle 
spasm in the areas of referred pain. Mooney and Robert¬ 


son (1976) found that referred pain from the lumbar 
zygapophysial joints was associated with involuntary 
activity in the hamstring muscles, and demonstrated this 
with EMG. This phenomenon was explored by Bog¬ 
duk (1980), who replicated Kellgren’s experiments. 
Referred pain produced by injecting the lower lumbar 
interspinous ligaments with hypertonic saline was asso¬ 
ciated with involuntary muscle activity in the multifidi, 
tensor fasciae latae, and gluteus medius muscles. This 
activity started shortly after the onset of pain, and dis¬ 
appeared as the pain passed over the next few minutes 
(Bogduk 1980). 


s 


Clinical Features 

All the experimental studies on somatic referred pain 
have consistently shown that it has a characteristic qual¬ 
ity. It is felt deeply, and is aching in quality, or like an ex¬ 
panding pressure. It expands to encompass a broad area. 
Once established, its location remains constant. Subjects 
or patients are aware of its distribution in a general sense; 
they can clearly identify the centroid of the distribution; 
but its boundaries are hard to define. 

These features distinguish somatic referred pain from 
radicular pain and ► neuropathic pain, which differ in 
quality. Radicular pain is typically shooting or lancinat¬ 
ing in quality and extends along a narrow band. Neuro¬ 
pathic pain is usually burning in quality and is associated 
with sensory disturbances. Somatic referred pain is not 
associated with neurological abnormalities. 
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Making the distinction between somatic referred pain 
and radicular or neuropathic pain is crucial, for the in¬ 
vestigation and subsequent treatment of these different 
types of pain are distinctly different. Confusing or mis¬ 
representing one for the other becomes a recipe for fail¬ 
ure and misadventure. 
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I- 

Somatic Sensory and Intralaminar Nuclei 
of Thalamus 

Definition 

Nuclei that transmit input from the dorsal column nuclei 
and STT to the cortex. 

► Deep Brain Stimulation 

I- 

Somatic Sensory Nucleus of Human 
Thalamus 

Definition 

Relevant to the discussion of plasticity is the principle so¬ 
matic sensory nucleus of the thalamus (ventral posterior- 
VP, also known as ventral caudal - Vc). 

► Thalamus, Receptive Fields, Projected Fields, Human 


I- 

Somatization 

Definition 

The tendency to use numerous physical symptoms to ex¬ 
press emotional distress. 

► Pain in the Workplace, Risk Factors for Chronicity, 
Psychosocial Factors 

► Pain, Psychiatry and Ethics 

► Recurrent Abdominal Pain in Children 

I- 

Somatization and Pain Disorders in 
Children 

Janet W. M. Ellis 

Department of Anaesthesia, Divisional Centre for Pain 
Management and Pain Research, The Hospital for Sick 
Children, Toronto, ON, Canada 
joostjanet@rogers.com 

Synonyms 

Somatoform disorder; somatoform pain disorder; Pain 
Amplification Disability Syndrome; Psychogenic Pain 
Disorder; conversion disorder; Somatization Disorder; 
Pain Disorder in Children; Body Dysmorphic Disorder; 
hypochondriasis 

Definition 

Somatization and Pain Disorders are types of psychiatric 
disorders in children defined within the major diagnostic 
category of Somatoform Disorders, Diagnostic and Sta¬ 
tistical Manual of Mental Disorders, 4 th edn (American 
Psychiatric Association 2000). The essential feature of 
Somatization Disorder is a pattern of recurring, multiple, 
clinically significant somatic complaints. A complaint 
is considered clinically significant when the individual 
seeks medical treatment or has impaired social or physi¬ 
cal functioning. The somatic complaints begin before 30 
years of age and cannot be fully explained by any known 
general medical condition or the direct effects of a sub¬ 
stance. The essential feature of Pain Disorder is pain in 
one or more anatomic sites, causing significant distress 
or impairment, and psychological factors are thought to 
be important in the genesis, exacerbation and mainte¬ 
nance of the condition. In these ► somatoform disorders, 
children express their emotional distress through phys¬ 
ical distress and symptoms. Although children experi¬ 
ence somatic distress and symptoms that are not caused 
by pathological findings, they attribute those symptoms 
to physical illness and seek medical help. 

Classifications 

The specific DSM IV criteria for classifying Somato¬ 
form Disorders are listed below. If an individual with 
Somatoform Disorder also has a medical condition, 
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Somatization and Pain Disorders in Children, Table 1 Comparison of Somatoform Disorders 



Somatization 

Disorder 

Conversion 

Pain 

Disorder 


Body Dysmorphic 

Disorder 

Main features 

Recurrent, multiple, 
chronic, somatic 
complaints not 
accounted for by 
medical findings 

Symptoms affecting 
voluntary motor or 
sensory systems, 
suggesting neurological 
disorder, preceded by 
stress 

Pain is the 
predominant focus 
of treatment, 
psychological factors 
affect onset, severity, 
exacerbation, and 
maintenance 

Fear of, or belief that 
one has a serious 
illness despite 
adequate medical 
evaluation and 
reassurance, NOT 
DELUSIONAL 

Imagined ugliness, NOT 
DELUSIONAL INTENSITY 

Age of onset 

Associated 

features 

<30 

Repeated work-ups, 
multiple physicians, 
inconsistent history, 
chaotic lives 

10-35 

La belle indifference, 
suggestible symptoms 
do not conform to 
anatomical pathways 

Any age 

Disability, social 
isolation, search for 
the cure 

Early adulthood 
Repeated work-ups, 
doctor shopping, 
childhood illness 

Adolescence 

Frequent checking, 
avoidance, feeling 
mocked by others; 
surgery makes it worse 

Co-morbid 

+/- 

+/- 

Common 

Infrequent 

No 

Medical 

illness 

Epidemiology 

0.2-2% women, 

0.2% men 

25% of medical 
out-patients 

1 

4-9% medical 
out-patients 


Gender 

Women>men 

2:1-10:1 women > 

E,„ a 


E,„ a 

Course 

Chronic 

Usually self-limited, 

25% recur in one year 

Variable, often 

Chronic 

Chronic, waxes and 

Chronic 

Secondary 

gain 

+/- 

+/- 

+ 

+/- 


Family history 

Somatization 
disorder, antisocial, 
substance abuse 

Conversion disorder 

Depression alcohol 
abuse, pain disorder 

Illness in family 
member when a child 


Co-morbid 

psychiatric 

illness 

Major depression, 
panic, substance 
abuse, personality 
disorder 

Dissociative disorder, 
PTDS, depression 

Substance abuse, 
depression, anxiety 

Anxiety, depression 

Depression, delusional 
disorder, social phobia, 

0CD, suicide 

Treatment 

Regular 
appointments, 
maintain vs. cure 

Suggest cure, examine 
stress, no need to 
confront 

Avoid iatrogenesis, 
multi-modal 
treatment, care not 
cure 

? Selective serotonin 
reuptake inhibitors 

Prevent iatrogenesis, ' 

SSRI, ?antispychotics 


Reproduced with permission from: Brusco C, Geringer E (2004) Somatoform Disorders. In: Stern TA, Herman JB (eds) Massachusetts General Hospital 
Psychiatry Update and Board Preparation, McGraw-Hill, pi 38 


that condition does not fully account for the functional 
impairment (Fritz et al. 1997). Although adolescents 
with complex chronic pain may exhibit many fea¬ 
tures of Somatoform Disorders, a formal diagnosis of 
many somatoform disorders is rare for children with 
pain because of a lack of developmentally appropri¬ 
ate diagnostic criteria. For example, only postpubertal 
and/or sexually active patients would satisfy the sex¬ 
ual criterion for Somatization Disorder, as shown in 
Table 1. 

Diagnostic criteria for 300.81 Somatization Disorder 
(Reproduced with permission from: Diagnostic and 
Statistical Manual of Mental Disorders 4 th edn (2000), 
American Psychiatric Association, pp 490 


a) A history of many physical complaints beginning be¬ 
fore age 30 years that occur over a period of several 
years and result in treatment being sought or signifi¬ 
cant impairment in social, occupational, or other im¬ 
portant areas of functioning. 

b) Each of the following criteria must have been met, 
with individual symptoms occurring at any time dur¬ 
ing the course of the disturbance: 

1. four pain symptoms: a history of pain related to 
at least four different sites or functions (e.g. head, 
abdomen, back, joints, extremities, chest, rectum, 
during menstruation, during sexual intercourse, or 
during urination) 
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2. two gastrointestinal symptoms: a history of at 
least two gastrointestinal symptoms other than 
pain (e.g. nausea, bloating, vomiting other than 
during pregnancy, diarrhea, or intolerance of 
several different foods) 

3. one sexual symptom: ahistoryofatleastonesexual 
or reproductive symptom other than pain (e.g. sex¬ 
ual indifference, erectile or ejaculatory dysfunc¬ 
tion, irregular menses, excessive menstrual bleed¬ 
ing, vomiting throughout pregnancy) 

4. one pseudoneurological symptom: a history of at 
least one symptom or deficit suggesting a neuro¬ 
logical condition not limited to pain (conversion 
symptoms such as impaired coordination or bal¬ 
ance, paralysis or localized weakness, difficulty 
swallowing or lump in throat, aphonia, urinary re¬ 
tention, hallucinations, loss of touch orpain sensa¬ 
tion, double vision, blindness, deafness, seizures; 
dissociative symptoms such as amnesia; or loss of 
consciousness other than fainting) 

c) Either (1) or (2): 

1. after appropriate investigation, each of the symp¬ 
toms in Criterion B cannot be fully explained by 
a known general medical condition or the direct 
effects of a substance (e.g. a drug of abuse, a med¬ 
ication) 

2. when there is a related general medical condition, 
the physical complaints or resulting social or occu¬ 
pational impairment are in excess of what would be 
expected from the history, physical examination, 
or laboratory findings. 

d) The symptoms are not intentionally produced or 

feigned (as in Factitious Disorder or Malingering). 

Prevalence 

While 25-44% of children report recent histories of so¬ 
matic complaints such as headaches (Taylor et al. 1996), 
these symptoms are transient and do not cause significant 
distress. Campo et al. (1999) reported that almost 3% of 

11- 15 year olds attending a pediatric service had fre¬ 
quent complaints of pain and frequent pain-related doc¬ 
tor visits, while 10-30% of school age and adolescent 
children experience weekly symptoms. However, only 
a few studies have applied DSM-III criteria, and none 
DSM-IV criteria, for diagnosing specific disorders, so 
that the number of cases that meet the diagnostic cri¬ 
teria for somatoform disorder is much smaller. Offord 
and colleagues (1987) found recurrent distressing so¬ 
matic symptoms in 10.7% of girls, and4.5% of boys aged 

12- 16. In a small sample, Garber and colleagues (1991) 
reported that about 1 % of children had sufficient soma¬ 
tization symptoms to qualify for somatization disorder. 
Up to puberty, there is no difference between girls and 
boys, but afterpuberty, ratios of between 3:1 and 6:1 have 
been reported (Campo et al. 1999). 


Characteristics 
Developmental Considerations 

Some degree of somatization is normal in young chil¬ 
dren (Fritz et al. 1997). Preschool children may express 
their pain, depression, fear, and anxiety behaviorally 
(Sifford 2003). Children who are anxious about attend¬ 
ing school may express their anxiety through headaches, 
stomachaches or other physical symptoms (Garralda 
1999), while adolescents are more likely to experience 
chronic daily headaches. 

Contributing Factors 

Many factors influence the development of the pain ex¬ 
perience and expression of the somatization orpain: pre¬ 
vious pain experience, physiologic, sensory, cognitive, 
emotional, behavioral, affective, sociocultural, develop¬ 
mental, familial factors, as well as any comorbid psychi¬ 
atric condition (usually depression or anxiety). The cir¬ 
cumstances surrounding the physical symptom or pain 
may also invest it with meaning. For example, illness and 
injury may lead to normal fear, anxiety and sadness, and 
fear of death, but can also lead to an increasing experi¬ 
ence of distress along the continuum. 

Assessing the Child with Somatoform Disorder 
At specialized pain clinics, team members typically 
assess the extent to which behavioral and psychological 
factors are influencing children’s pain and disability. 
After reviewing the child’s pain history, medical diag¬ 
nostic tests, and completing a physical examination, the 
team notes a major (or sometimes subtle) discrepancy 
between the child’s somatic complaints and physical 
findings that may account for those complaints. In 
further discussion with children and parents, the team 
explores the potential impact of emotional factors, such 
as parental anxiety, school related stress, or children’s 
extremely high standards for achievement. Typically, 
families believe that any emotional stress is a direct 
effect of the pain and ensuing disability, rather than a 
causative or contributing factor. 

Pain teams will generally encourage children to resume 
activities, using appropriate analgesics for pain relief. 
However, teams should also introduce the concept of 
chronic pain as a complex bio-psycho-social problem 
that requires psychological or psychiatric assistance, 
as well as medical and physical. Other diagnoses that 
should be considered for children with continuing 
chronic pain and increasing disability in the absence of 
physical findings are malingering and ► Munchausen’s 
by Proxy. Children with possible psychiatric disorders 
should be referred for a formal psychiatric diagnosis, 
with a treatment plan coordinated between the pain 
team and psychiatrist. 

Comorbid psychiatric conditions often complicate the 
presentation and the management of SomatoformDisor- 
ders. Children may have a co-existing depressive, anxi¬ 
ety or obsessive compulsive disorder. Conversely, soma- 
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tization may represent the common presentation of other 
psychiatric disorders in the primary care setting (Campo 
and Fritsch 1994). 

The lack of definitive data on the prevalence of so¬ 
matoform disorders in children and adolescents makes 
it difficult to determine the extent to which children 
with pain and psychiatric disorders are identified and 
appropriately managed. This is important, as pain 
management in the context of somatization requires a 
thorough understanding of the patterns and processes 
involved in order to manage it effectively. Similarly, a 
pain team may have a patient with a pain disorder and 
significant psychiatric disorder, but may not have the 
expertise necessary to treat the psychiatric disorder. 
Two important solutions include the presence of a psy¬ 
chiatrist on the Pain Team, and diligent communication 
between all healthcare specialists and the primary care 
physician. 

Children with psychiatric disorders and pain problems 
may be at special risk for continuing pain and increas¬ 
ing disability. Failure to recognize the emotional source 
for pain and clearly communicate the diagnosis to par¬ 
ents, will lead to continued health care visits as parents 
seek an explanation and treatment for their child’s physi¬ 
cal symptoms. Moreover, parents may ignore the factors 
contributing to children’s emotional distress so that they 
persist and often intensify. Ultimately, a cycle of doctor 
shopping, increased disability, heightened risk of iatro¬ 
genic illness, persistent suffering, and burgeoning health 
care costs begins and may continue for years. The child 
often misses many months or even years of school and 
one parent may give up work to stay at home and attend 
appointments. 

Life Events 

Several life events may be particularly relevant for chil¬ 
dren with pain and psychiatric disorders. Pediatric pa¬ 
tients often experience family crises including divorce, 
discord, birth of a sibling, and recent death of a close rel¬ 
ative. The child may present with a mixed picture of de¬ 
pressive features of an ► Adjustment disorder, and also 
with a Somatization disorder. 

A history of physical or sexual abuse seems to be another 
specific predictor. Haugaard (2004) reported that som¬ 
atization and other somatoform disorders are likely to 
occur more frequently in children and adolescents who 
have been severely maltreated than in others. Adult som¬ 
atization has been linked to physical, emotional and es¬ 
pecially sexual abuse in childhood (Walker et al. 1992). 

Family Factors 

Minuchin et al. (1975) identified family risk factors for 
Somatization: enmeshment, overprotectiveness, rigid¬ 
ity, and lack of conflict resolution. Family intervention 
in this case involves challenging the family, re-labeling 
of symptoms, and supporting increased independence 
in the patient. Somatoform disorders are often a huge 


burden to parent-child relationships and disrupt family 
functioning, hence the importance of the family therapy 
and guidance (Garralda 1999). 

Treatment and Management 

Few studies have evaluated the available treatments for 
children with somatoform disorders. Outcome Studies 
are needed for certain best practice. The ideal Pain 
Team reflects the multifactorial etiology and consists 
of a pain specialist, nursing specialist, physiotherapy, 
occupational therapy, psychology, psychiatry, social 
services, child life and pastoral care, as well as optimal 
communication with the primary care physician and 
any other physicians involved in the patient’s care. 
Medications used for pain relief include analgesics, 
anti-inflammatories, and off-label low dose use of an¬ 
tidepressants such as Amitriptyline, and anticonvulsants 
such as Gabapentin. 

Shapiro and Rosenfeld (1987) suggested a two step treat¬ 
ment approach for Somatization Disorders: 1) achieve 
symptom reduction by cognitive behavioral therapy, 
biofeedback, hypnosis or supportive psychotherapy, and 
2) provide more explorative psychotherapy to under¬ 
stand the underlying processes. In cognitive behavioral 
therapy, the treatment involves promoting changes in 
the reinforcement that a child receives for reporting 
symptoms, and helping the child develop strategies 
for coping with his/her symptoms and other distress 
(Campo and Reich 1999). The therapist encourages the 
family and school to give frequent praise for maintain¬ 
ing normal activity while minimizing any discussion of 
the pain. Supportive psychotherapy, for example, may 
be helpful in a bereavement situation. Psychodynamic 
therapy, with the assumption that the somatic symptom 
is a conscious expression representing an unconscious 
conflict, may be appropriate, for example, when the sus¬ 
pected source of pain is a conflict such as guilt feelings 
over having been sexually abused (King 2003). 

Future Challenges 

In order to effectively recognize children and adoles¬ 
cents with somatization and pain disorders, we need 
more developmentally appropriate diagnostic cate¬ 
gories for these psychiatric conditions. We require 
valid data about specific risk factors, best practice 
management, and longitudinal outcome studies. 
Optimal child-centered care requires a continuum of 
health care delivery, interdisciplinary cooperation, 
and continued communication among primary care 
providers, psychiatry and pain specialists. A cohesive 
approach should prevent children from being referred 
to multiple specialists and receiving unnecessary, costly 
investigations. Families are usually significantly dis¬ 
rupted and distressed, thereby increasing the risk of 
iatrogenic injury, continued personal suffering, and eco¬ 
nomic impact to society. Thus, pain and somatization 
disorders in children warrant greater research attention. 
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by another mental disorder. The symptoms must cause 
clinically significant distress or impairment in social, oc¬ 
cupational, or other areas of functioning. 

► Hypochondriasis, Somatoform Disorders and Abnor¬ 
mal Illness Behaviour 

► Somatization and Pain Disorders in Children 

I- 

Somatoform Pain Disorder 

Definition 

A term used in the DSM III of the American Psychiatric 
Association to describe a preoccupation with pain caus¬ 
ing distress and disability, which is presumed to be gen¬ 
erated by psychological factors. 

► Pain as a Cause of Psychiatric Illness 

► Psychiatric Aspects of the Management of Cancer 
Pain 

► Somatization and Pain Disorders in Children 

I- 

Somatosensory 

Definition 

Derived from the Greek word for “body,” somatosen¬ 
sory input refers to sensory signals from all tissues of 
the body including skin, viscera, muscles, and joints. So¬ 
matic usually refers to input from body tissue other than 
viscera. 

► Acute Pain Mechanisms 

► Infant Pain Mechanisms 

► Pain in Humans, Psychophysical Law 

► PET and fMRI Imaging in Parietal Cortex (SI, SII, In¬ 
ferior Parietal Cortex BA40) 

► Somatic Pain 

I- 

Somatosensory Evoked Potentials 

Synonyms 

SEPs 

Definition 

These are electrical signals generated by the nervous sys¬ 
tem following surface excitation (until now almost al¬ 
ways using electrical stimuli) of mixed afferent fibers in 
peripheral nerves. These afferent signals can be recorded 
over the peripheral nerve, spinal cord, or over the so¬ 
matosensory cortex using scalp electrodes, with various 
surface recording montages (electrode locations) in hu¬ 
mans. 

► Diagnosis and Assessment of Clinical Characteristics 
of Central Pain 

► Infant Pain Mechanisms 

► Metabolic and Nutritional Neuropathies 


I- 

Somatization Disorder 

► Somatization and Pain Disorders in Children 

I- 

Somatoform Disorders 

Definition 

A category of psychiatric disorders in which individuals 
have physical symptoms that suggest a general medical 
condition, but they are not fully explained by a general 
medical condition, by the direct effects of a substance, or 
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I- 

Somatosensory Nervous System 

Definition 

The somatosensory nervous system is part of nervous 
system that conveys sensations from the body, such as 
touch, position, pain and temperature. 

► Hypoalgesia, Assessment 

► Hypoesthesia, Assessment 


I- 

Somatosensory Pain Memories 

Definition 

Somatosensory pain memories refer to memory pro¬ 
cesses related to painful somatosensory stimulation. 
These can occur already at the level of the spinal cord, 
but also involve the brain stem, the thalamus and cortical 
as well as subcortical regions. 

► Diathesis-stress Model of Chronic Pain 


I- 

Somatosensory Pathways 

Definition 

The neuronal pathway that brings sensory information 
from the periphery (skin and internal organs) to the brain. 
Each pathway has a number of levels of neural integra¬ 
tion where sensory information may be processed. 

► Quantitative Thermal Sensory Testing of Inflamed 
Skin 


I- 

Somatostatin 

Synonyms 

Somatotropin 

Definition 

Somatostatin, also called somatotropin, releases an in¬ 
hibiting hormone, and is a cyclic peptide of 14 amino 
acids. It was originally isolated from the hypothalamus, 
but occurs in a variety of neurons and endocrine cells. Its 
main action is inhibition of release of other mediators. 

► Cancer Pain Management, Adjuvant Analgesics in 
Management of Pain Due To Bowel Obstruction 

► Neuropeptide Release in the Skin 

► Opioid Modulation of Nociceptive Afferents In Vivo 


I- 

Somatotopic 

Definition 

The correspondence of information transmitted from re¬ 
ceptors in regions of the body through respective nerve 
fibers to specific integrative functional regions and the 
cerebral cortex. 

► Postsynaptic Dorsal Column Projection, Anatomical 
Organization 

I- 

Somatotopic Organization 

Definition 

A central nervous system structure is said to have a so- 
matopic organization, when there is a systematic spa¬ 
tial correspondence between the locations of neurons re¬ 
ceiving somatosensory information from given parts of 
the body and particular parts of the nervous system struc¬ 
ture. For example, the lateral part of the ventral poste¬ 
rior nucleus of the thalamus receives somatosensory in¬ 
formation from the hindlimb and the trunk below the 
midthoracic level, whereas the medial part of this nu¬ 
cleus receives input from the forelimb and upper truck. 

► Spinothalamic Input, Cells of Origin (Monkey) 

► Spinothalamic Tract Neurons, in Deep Dorsal Horn 

► Trigeminal Brainstem Nuclear Complex, Anatomy 

I- 

Somatotopical Location 

Definition 

Both the motor and somatosensory cortices receive, and 
give rise to, projections in an ordered fashion that mirrors 
the body. 

► Motor Cortex, Effect on Pain-Related Behavior 

I- 

Somatotopy 

Definition 

Relationship between particular brain and body regions. 
Neuronal activation in a brain region that is related to a 
specific sensory pathway is referred to as somatotopi- 
cally organized. 

► Trigeminothalamic Tract Projections 

I- 

Somatotropin 

► Somatostatin 
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I- 

Somatovisceral Convergence 

Definition 

The phenomenon or functional property, which shows 
both somatic and visceral input converging on the same 
neurons in the dorsal horn. Stimuli in viscera often evoke 
the somatic pain, that is, shoulder or back pain. That is 
called referred pain, which is relevant to the somatovis¬ 
ceral convergent cells. 

► Morphology, Intraspinal Organization of Visceral Af- 
ferents 

I- 

Sonography 

► Ultrasound 

I- 

Soul Pain 

Definition 

Deeper pain or anguish relating to spiritual or existential 
distress. 

► Cancer Pain Management, Interface Between Cancer 
Pain Management and Palliative Care 

I- 

Source Analysis 

► Magnetoencephalography in Assessment of Pain in 
Humans 

I- 

SP1 and SP2 Silent Periods 

► Jaw-Muscle Silent Periods (Exteroceptive Suppres¬ 
sion) 

► Masseter Inhibitory Reflex 

I- 

Spa 

Definition 

The term is derived from the Waloon word “espa” mean¬ 
ing fountain. 

► Spa Treatment 

I- 

Spa Therapy 

► Spa Treatment 


I- 

Spa Treatment 

Dan Buskila 

Rheumatic Disease Unit, Faculty of Health Sciences, 
Soroka Medical Center, Ben Gurion University, Beer 
Sheva, Israel 

dbuskila@bgumail.bgu.ac.il 

Synonyms 

Spa Therapy; balneotherapy; Medical Hydrology; Ther¬ 
mal Therapy; thalassotherapy 

Definition 

Different modalities of treatment at a ► spa include bal¬ 
neotherapy (bathing in mineral water), ► mud therapy 
(heated mud packs applied to the body), ► hydro¬ 
therapy (immersion of the body in thermal water), 

► thalassotherapy (bathing in the sea), ► heliotherapy 
(exposure to sun) and more (Sukenik et al. 1999). 

The term balneotherapy comes from the Latin balneum 
(bath). This form of treatment was used since the Roman 
era but became popular for the management of arthritis 
and pain in Europe during the eighteenth century. Spa 
therapy or balneotherapy has been frequently and widely 
used in classical medicine in the management of various 
musculoskeletal conditions (Verhagen et al. 1997). 

Characteristics 

During the years we have conducted several studies on 
the effect of balneotherapy in the ► Dead Sea area of 
Israel. The Dead Sea region is the major spa area in 
Israel for patients with arthritis. The unique climatic 
conditions in this area and the balneological therapy 
which is based primarily on mud packs and bathing in 

► sulfur baths and Dead Sea water combine to alleviate 
the symptoms of pain and arthritis (Sukenik et al. 1990). 
The patients are treated, usually once a day, with salt 
baths heated to 35-37°C for 20 min and mud packs 
heated to 40-42°C are applied to the body for 20 min. 
Similar studies from other parts of the world have used 
water at a temperature around 34°C (Verhagen et al. 
1997). 

The mechanisms by which spa therapy alleviates pain 
and arthritis in musculoskeletal disorders are not fully 
understood. However thermal, chemical and mechan¬ 
ical effects have been suggested. Mud therapy has 
been shown to influence chondrocyte activity in os- 
teoarthritic patients by modulating the production of 
serum cytokines (interleukin 1) and by increasing in¬ 
sulin growth factor 1 and decreasing tumor necrosis 
factor alpha in the serum after 12 days of mud pack 
application (Bellometti et al. 1997). Beta-endorphin 
and stress hormones decreased significantly in patients 
with osteoarthritis undergoing thermal mud therapy 
(Pizzoferrato et al. 2000). 
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It has been suggested that thermal treatment reduces pain 
by reducing inflammation and therefore diminishes the 
cause of stress. Mud bath therapy has been shown to in¬ 
fluence nitric oxide, myeloperoxidase and glutathione 
peroxidase serum levels in arthritic patients (Bellometti 
et al. 2000). Recently it was shown that sulfur bath ther¬ 
apy could cause a reduction in oxidative stress, alter¬ 
ations in superoxide dismutase activity and a tendency 
towards improvement of lipid levels (Ekmekcioglu et al. 
2002). Mechanically, spa therapy may favorably affect 
muscle tone, joint mobility and pain intensity and im¬ 
mersion in spa water at 35°C has been shown to induce 
diuresis and natriuresis (Sukenik et al. 1999). 

The effectiveness of ► spa treatment has been evalu¬ 
ated in various musculoskeletal conditions and pain 
syndromes. The results of these studies are summarized 
by Suken ik et al. (1999) and Verhagen et al. (1997). 
Balneotherapy was found to be effective in the treatment 
of inflammatory arthritides and spondylarthropathies, 
namely rheumatoid arthritis and psoriatic arthritis 
(Sukenik et al. 1990; Sukenik et al. 1994). 

A statistically significant improvement in most of the 
clinical parameters assessed for the short period of 
1 month was observed in patients with rheumatoid 
arthritis treated with Dead Sea bath salts (Sukenik et 
al. 1990). In another study, we found that treatment of 
psoriasis and psoriatic arthritis in the Dead Sea area 
is very efficacious and that the addition of balneother¬ 
apy can have additional beneficial effects on patients 
with psoriatic arthritis (Sukenik et al. 1994). Further¬ 
more, it was shown that combined spa exercise therapy 
and standard treatment with drugs and weekly group 
physical therapy is more effective and shows favorable 
cost-effectiveness and cost-utility ratios compared with 
standard treatment alone in patients with ankylosing 
spondylitis (Van Tubergen et al. 2002). 

We have evaluated the effectiveness of Dead Sea salts 
dissolved in bathtubs in a group of 26 patients suffering 
from osteoarthritis of the knees (Sukenik et al. 1995). 
A statistically significant improvement in patients’ self- 
assessment of disease severity was found in the treat¬ 
ment group v.y. a control group at the end of the study. 
Similar results have been reported on the effectiveness 
of Puspokladany thermal water on osteoarthritis of the 
knee joints (Szucs et al. 1989). The effectiveness of spa 
treatment has also been evaluated in pain syndromes. A 
randomized study has demonstrated that spa treatment 
was effective in patients with chronic low back pain, im¬ 
mediately and after 6 months, compared with a control 
group of patients who did not receive this therapy (Con¬ 
stant etal. 1995). 

The fibromyalgia syndrome is a chronic disorder of 
widespread pain or stiffness in the muscles or joints, 
accompanied by tenderness on examination at specific 
predictable anatomic sites known as tender points. We 
found that balneotherapy was effective in alleviating the 
pain and other symptoms in patients with fibromyalgia 


(Buskila et al. 2001). Relief from the severity of pain, 
fatigue, stiffness and anxiety were reported, especially 
in patients receiving sulfur baths, as compared with a 
control group. 

Furthermore, we have shown that staying at the Dead 
Sea spa, in addition to balneotherapy, can transiently 
improve the quality of life of patients with fibromyalgia 
as measured by the short form-36 (SF-36) (Neumann 
et al. 2001). Interestingly, another study has reported 
meaningful improvements in the quality of life of 
patients with osteoarthritis treated with spa therapy 
in France (Guillemin et al. 2001). Although several 
studies suggest effectiveness of spa treatment in pain 
syndromes and rheumatic conditions, there still re¬ 
mains a controversy about this treatment modality. 
Verhagen et al. (1997) provided a systematic review of 
the literature analyzing the efficacy of balneotherapy in 
patients with arthritis. It was a concluded that because 
of methodological flaws a conclusion about the efficacy 
of balneotherapy could not be provided from studies 
that were reviewed. 

In conclusion, spa treatment has been shown to be effec¬ 
tive in temporarily relieving pain and arthritis is a variety 
of pain syndromes and rheumatic conditions. However, 
well-conducted prospective randomized clinical trials 
are needed to strengthen these findings. 
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I- 

Spared Nerve Injury Model 

► Neuropathic Pain Model, Spared Nerve Injury 

I- 

Spasm 

Definition 

Involuntary sudden muscle contraction. It is a generic 
term that does not necessarily indicate a muscle cramp. 
For example, a facial spasm cannot be included as a mus¬ 
cle cramp because it is not painful. Thus, a muscle cramp 
is simply a painful spasm. 

► Muscular Cramps 

I- 

Spasticity 

Definition 

Increased tone or rigidity of muscles as a result of abnor¬ 
mal upper motor neuron function. Spasticity may be dif¬ 
ferentiated from contractures by its improvement with 
peripheral nerve blocks or the use of Botulinum toxin. 

► Spinal Cord Injury Pain 

I- 

Spatial Summation 

Definition 

Spatial summation is when progressively larger num¬ 
bers of primary afferent (presynaptic) neurons are ac¬ 
tivated simultaneously, until sufficient neurotransmitter 
is released to activate an action potential in the spinal 
cord (postsynaptic) neuron. The term is also used to de¬ 
scribe the increase in response that results from stimu¬ 
lation of larger areas or greater amounts of body tissue. 
Thus, pain increases in intensity as a function of this fac¬ 
tor. In the context of nocifensive behaviors, spatial sum¬ 
mation is the response that results from simultaneous 
activation of spatially separated visceral receptors. Be¬ 
cause the viscera are generally less densely innervated 
than most other tissues (e.g. skin), production of nocif¬ 
ensive behaviors (for example, by distending a hollow 


organ) typically requires that a larger area of tissue is ac¬ 
tivated than would be necessary in other tissues. Thus, 
distension of hollow organs with longer balloons acti¬ 
vates more visceral receptors and generally produces no¬ 
cifensive behaviors at lower distending pressures. 

► Exogenous Muscle Pain 

► IB4-Positive Neurons, Role in Inflammatory Pain 

► Nocifensive Behaviors, Gastrointestinal Tract 

► Pain in Humans, Electrical Stimulation (Skin, Muscle 
and Viscera) 

► Pain in Humans, Psychophysical Law 


I- 

Special Place Imagery 

Definition 

This is a very common use of guided imagery. The sub¬ 
ject is invited to enter a „special place" in imagination, 
which has qualities of comfort, safety and other desir¬ 
able attributes. The intention is to engender feelings of 
comfort and safety that can lead to reductions in pain 
experience. 

► Therapy of Pain, Hypnosis 


I- 

Specialist Palliative Care 

Definition 

Care provided by professionals whose core activity is 
limited to palliative care, and who have undergone a high 
level of training in palliative care, for example, a pallia¬ 
tive medicine consultant physician in the UK. 

► Cancer Pain Management, Interface Between Cancer 
Pain Management and Palliative Care 


I- 

Species Differences in Skin Nociception 

Bruce Lynn 
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Synonyms 

Skin Nociception, Species Differences 

Definition 

Differences (and similarities) in how different animals, 
from the simplest to the most complex, detect noxious 
stimuli at the body surface. 
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Characteristics 

The detection of dangerous events or situations at the 
body surface is of great importance to the survival of an 
organism. Motile organisms can respond to this informa¬ 
tion and take avoiding action. It is therefore no surprise 
to find that, as a result of natural selection, most organ¬ 
isms possess excellent nociceptive systems at the body 
surface. In this essay, the nociceptive systems of a rela¬ 
tively simple organism, the nematode C. elegans will be 
described. Then the nociceptors in mammalian skin will 
be looked at and here the focus will be on the differences 
between species, especially those differences that scale 
with body size 

Caenorhabditis elegans 

C. elegans is a small (1 mm long) ► nematode worm with 
a nervous system comprising only 302 neurons. The 
main sensory neurones linked to the body surface are 
shown in Fig. 1. There are sensitive mechanoreceptors 
(ALM, AVM, PLM) that respond to very light con¬ 
tact (<10 |iN force) and trigger locomotor responses 
(Goodman and Schwarz 2003). After destruction of 
these neurones the worm still responds to stronger 
contacts (>100 p,N force) with avoidance movements. 
These responses are triggered by the 2 PVD sensory 
neurones that therefore act like mechanical nociceptive 
neurones (Kaplan 1996; Goodman and Schwarz 2003). 
At the anterior end of the worm are 2 other neurones 
(ASH in Fig. 1) that respond to pressure and also to 
dangerous chemical states such as high osmotic pres¬ 
sure and acid pH (Goodman and Schwarz 2003). These 
neurones thus have a polymodal response profile. 

A similar organisation is seen in many species i.e. sepa¬ 
rate specialised nociceptive sensory neurones that oper¬ 
ate in parallel with specialised mechanoreceptors and, 
in some species, thermoreceptors. Within the nocicep¬ 
tors, there is a further specialisation into 2 classes, one 
class “tuned” for mechanical noxious stimuli and one 
class with broad, polymodal, response properties. 

As a further example we can consider the rainbow trout. 
Recent studies of the trigeminal system in the trout have 


revealed the presence of ► polymodal nociceptors in 
large numbers (approximately 60% of all high thresh¬ 
old, presumed nociceptive, neurones) (Sneddon 2003). 
Smaller numbers of ► Mechanical Nociceptors were 
also found, plus some mechano-heat units that did not 
respond to the irritant used in this study (acetic acid). 
Interestingly the trout trigeminal system has few ► C- 
fibres (only 5% of all fibres), so the nociceptors are 
predominantly ► A-fibre conducting. 


Mammalian Skin 

Four major classes of nociceptor have been described 
in mammalian skin: polymodal nociceptors, mechani¬ 
cal nociceptors, heat nociceptors and sleeping or silent 
nociceptors. Properties are summarised in Table 1. Poly¬ 
modal nociceptors with C-fibre axons and mechanical 
nociceptors with A-fibre axons are present in all species 
examined. Probably some insensitive “sleeping” units 
that only respond to irritant chemicals in uninflamed skin 
are also present in all species. However, heat nocicep¬ 
tors are not always found. They comprise 7-19% of the 
C-nociceptor population in primate and pig. However, 
they are rare or absent in rabbit and rodent skin. 
Conduction velocity varies with species, as does the pro¬ 
portion of A to C fibre nociceptors. In general, conduc¬ 
tion velocities increase with body size. For example, A- 
mechanical nociceptors in the mouse conduct at an av¬ 
erage of 7 m/sec (Cain et al. 2001; Koltzenburg et al. 
1997) while similar units in the pig average 20 m/sec 
(Lynn et al. 1995). Similarly C-nociceptors conduct at 
an average of 0.7 m/sec in the mouse but at 1.2 m/sec in 
the pig. There are also small differences in the conduc¬ 
tion velocities of different classes of nociceptor. Most 
interesting is the finding of significant numbers of A- 
fibre nociceptors with polymodal properties in primate 
skin whereas such units are uncommon in rodents. 

The mechanical thresholds and receptive field areas of 
nociceptors vary with body size within the mammals. 
Average pressure thresholds of C-polymodal nocicep¬ 
tors, determined using fine ► von-Frey type filaments, 
increase from 6 mN in the mouse to 70 mN in the pig. 


s 



Nose Anterior Body Posterior Body 

Species Differences in Skin Nociception, Figure 1 Sensory cells in C. elegans. The ASH, FLP and 0LQ neurones sense touch to the nose. The ASH 
cells in addition sense noxious chemicals and so have a polymodal response profile. AVM and ALM neurones sense light touch to the anterior region 
whereas PLM neurones sense light touch to the posterior region. PVD neurones sense only intense mechanical stimuli, i.e. they have a mechanical 
nociceptor profile. The anatomical abbreviations are L, left, R, right, D, dorsal, V, ventral. The figure shows the left lateral side of the worm. From (Kaplan 
and Horvitz 1993). 







2206 Species Differences in Skin Nociception 


Species Differences in Skin Nociception, Table 1 Response profiles to key stimulus modalities of different classes of nociceptor in mammalian skin 


1 Class of nociceptor 

Main conduction ve 

locity band Stimulus 

Strong mechanical 

Strong heat 

Irritant chemicals 1 

Polymodal nociceptor 

C 

♦ 

* 

+ 

Mechanical nociceptor 

A 

+ 

0 

0 

Heat nociceptor 

C 

0 

| 

+ 

Sleeping nociceptor 

C 

(+)* 

(+)* 

+ 


* Sleeping (or silent) nociceptors show no responses to mechanical or heat stimuli in normal skin, but fire like polymodal nociceptors when the skin 
becomes inflamed. 



Body Weight, Kg 



Body Weight, Kg 


Species Differences in Skin 
Nociception, Figure 2 Top. 
Pressure thresholds versus 
body weight for 7 mammalian 
species on the hairy skin of the 
limb. Slope of best fit line for 
C-polymodal nociceptors (C-PMN) 
is 0.29. A-Noci = A-mechanical 
nociceptor. C-mech = sensitive 
C-fibre mechanoreceptors. Bottom. 
Receptive field area of C-PMN in 5 
species. Dotted line, best fit, slope 
0.62. Data from the following studies: 
mouse, Koltzenburg et al. 1997; rat, 
Lynn 1994; cat, Bessou and Perl 
1969, Burgess and Perl 1967; rabbit, 
Fitzgerald 1978; monkey, Treede et 
al. 1995; pig, Lynn et al. 1995; man, 
Schmidt etal. 1997. 


If pressure threshold is plotted against body mass, it 
appears that thresholds increase with the 0.3 power 
of body mass (Fig. 2, upper part). Interestingly this 
relation holds for both A-fibre mechanical nociceptors 


and for C-polymodal nociceptors. It appears to hold 
for C-fibre mechanoreceptors as well. Receptive field 
areas increase approximately with the 0.67 power of 
body mass, i.e. receptive field area increases roughly 
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in proportion to total body surface area (Fig. 2, lower 
part). 

Note that the changes in properties with body size de¬ 
scribed above can lead to problems of definition. A neu¬ 
rone with a pressure threshold at the most sensitive end 
of the nociceptor range in a mouse would probably be 
considered a mechanoreceptorin a large species such as 
the pig. A neurone with conduction velocity of 25 m/sec 
is a fast fibre in the mouse, but would be firmly in the 
► A-delta, slow myelinated, band in larger mammalian 
species. 


Within the vertebrates, nociceptor pressure thresholds 
scale with l/3 rd power of body weight whilst receptive 
field area scales with body surface area. 

Despite many detailed differences between nociceptors 
in different species, they share a closely related fam¬ 
ily of molecular transduction proteins. Notable are the 
TRP family of sensory-gated ion channels that subserve 
mechano-, thermal- and chemo-transduction in many 
species. 
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Specificity 


Summary 

Specialised nociceptors sensing mechanical and thermal 
conditions at the body surface and reacting to noxious 
chemicals appear to be omnipresent in Metazoa. 
Commonly, a sub-class of nociceptor sensing just 
strong mechanical stress is found alongside another 
“polymodal” sub-class sensing a range of noxious 
stimuli. 


Definition 

Specificity is a statistical decision term equivalent to cor¬ 
rect rejection rate. The probability that the test will be 
negative among patients who do not have the disease. 

► Sacroiliac Joint Pain 

► Statistical Decision Theory Application in Pain As¬ 
sessment 





2208 Specificity Theory 


I- 

Specificity Theory 

Definition 

Each sensation is coded by the activity in a particular 
and unique receptor subtype. 

► Somatic Pain 


SPECT 

Definition 

SPECT (Single Photon Emission Computed Tomog¬ 
raphy) is a method of functional brain imaging. The 
technique involves the injection of a radiopharmaceu¬ 
tical contrast agent into the subject, the distribution of 
the contrast agent within the brain is detected using 
gamma rays. 

► Single Photon Emission Computed Tomography 

► Thalamus, Clinical Pain, Human Imaging 


I- 

Spike 

Definition 

Spike is a synonym for action potential. 

► Nociceptors, Action Potentials and Post-Firing Ex¬ 
citability Changes 


I- 

Spike Bursts 

Definition 

Spike hursts are action potentials that comprise of the 
thalamic firing pattern during bursting mode. 

► Central Pain, Human Studies of Physiology 

► Thalamic Bursting Activity, Chronic Pain 


I- 

Spillover 

Definition 

Spillover refers to the diffusion of a synaptically released 
neurotransmitter out of the synaptic cleft to neighboring 
synapses or extrasynaptic receptors. 

► GABA and Glycine in Spinal Nociceptive Processing 


I- 

Spinal Analgesia 

Definition 

Pain relief obtained by drugs acting directly on the 
spinal cord, e.g. morphine, local anesthetics, adrenaline 
(epinephrine), clonidine, or neostigmine. 

► Postoperative Pain, Acute Pain Management, Princi¬ 
ples 

I- 

Spinal Anesthesia 

A form of anesthesia where medication is injected into 
the subarachnoid space. The subarachnoid space is 
located between the arachnoid membrane and the pia 
mater, and contains cerebral spinal fluid that bathes the 
spinal cord. 

► Analgesia During Labor and Delivery 

► Subarachnoid/Spinal Anesthesia 

I- 

Spinal Arthrodesis 

Definition 

Another term for spinal fusion. 

► Spinal Fusion for Chronic Back Pain 

I- 

Spinal Ascending Pathways 

Definition 

The neuronal tracts of spinal origin that project directly 
upward to supraspinal structures. 

► Spinal Ascending Pathways, Colon, Urinary Bladder 
and Uterus 

► Spinothalamic Projections in Rat 

I- 

Spinal Ascending Pathways, Colon, 
Urinary Bladder and Uterus 

Timothy Ness 

Department of Anesthesiology, University of Alabama 
at Birmingham, Birmingham, AL, USA 
loch@uab.edu 

Synonyms 

Spinal Dorsal Horn Pathways, Colon, Urinary Blad¬ 
der and Uterus; visceral spinothalamic tract; visceral 
spinomesencephalic tract (see spinomesencephalic 
neurons); visceral spinohypothalamic tract (see spino- 
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hypothalamic neurons); visceral spinomedullary tract 
(see spinomedullary neurons); visceral spinoreticular 
tract; postsynaptic dorsal column pathway (see postsy- 
naptic dorsal column neurons). 

Definition 

Spinal dorsal horn neurons receiving excitatory inputs 
from pelvic viscera, which include the urinary bladder, 
the colon-rectum and the uterus-vagina, frequently have 
axonal extensions projecting to supraspinal sites of ter¬ 
mination. These sites include the thalamus, the hypotha¬ 
lamus, the midbrain, the pons and the medulla. These 
axons travel within the white matter of the spinal cord 
in two main sites: the anterolateral quadrants and the 
dorsal midline. Decussation of fibers to the contralat¬ 
eral anterolateral white matter occurs for axons project¬ 
ing to the thalamus and most other brainstem sites, al¬ 
though many axons with sites of termination in “retic¬ 
ular” structures will remain in the ipsilateral anterolat¬ 
eral white matter. Dorsal column pathways have sites 
of termination in the gracile nucleus of the medulla. In- 
traspinal pathways have also been demonstrated, as has 
extensive collateralization of axons with multiple sites of 
termination. Novel pathways for ascending visceral in¬ 
formation may also include dorsolateral spinothalamic 
pathways related to lamina I neurons. 

Characteristics 

General 

Spinal dorsal horn neurons receiving excitatory visceral 
inputs from pelvic structures have been demonstrated to 
be present throughout the dorsal horn, but with partic¬ 
ular localization to laminae I, II, V and X. Mapping of 
primary afferents from visceral structures have demon¬ 
strated sites of connectivity that are heaviest in these 
same laminae. Multisegmental connections of single 
primary afferents from visceral structures have been 
demonstrated to travel via lateral (e.g. Lissauer’s tract) 
and medial tracts, prior to synaptic contact with multiple 
neurons in multiple laminae (Sugiura et al. 1993). Neu¬ 
rons throughout the dorsal horn receiving visceral inputs 
have been demonstrated to possess axonal extensions 
that project to distant (rostral and caudal) sites within 
the spinal cord and brainstem. No quantitative study 
has defined the precise percentage of spinal neurons 
with visceroceptive input that have axonal projections 
within any specific portion of spinal white matter, and 
information related to the importance of specific tracts 
on subsequent neuronal function has been extrapolated 
from studies utilizing spinal lesions to reduce or abolish 
behaviors, reflexes or supraspinal neuronal responses. 
Inputs from some visceral structures such as the uterus 
to supraspinal sites such as the nucleus tractus solitarius 
have been demonstrated to travel by spinal as well as 
nonspinal pathways, which include the vagus nerve 
(Berkley and Hubscher 1995). 


Intraspinal (Propriospinal) Pathways 

Multiple interconnections occur between spinal neu¬ 
rons. This has been particularly demonstrated in the case 
of neurons receiving visceral afferent input from pelvic 
structures. With afferent pathways traveling via the 
pelvic nerve and in association with sympathetic nerve 
pathways, the site of entry of afferent information for 
pelvic organs is split between the lower thoracic-upper 
lumbar and lower lumbar-sacral segments. McMahon 
and Morrison (1982) demonstrated clear connectivity 
between inputs via these two pathways by perform¬ 
ing a cordotomy at the midlumbar spinal cord, and 
demonstrating an abolition of excitatory responses to 
respective inputs. A more subtle white matter local¬ 
ization of the axonal extensions of ► propriospinal 
neurons has not been performed, but they are presumed 
to follow the paths of other propriospinal neurons, 
which include dorsally located white matter paths and 
some within-gray matter extensions. Collateral in¬ 
traspinal extensions of ascending axons located within 
the ventrolateral white matter have also been demon¬ 
strated. Spinocervicothalamic pathways have not been 
implicated in visceroception. 

Anterolateral White Matter 

The traditional pain pathways are the spinothalamic 
and spinoreticular tracts (see ► spinoreticular neurons) 
located within the anterolateral white matter of the 
spinal cord. Both ipsilateral and contralateral local¬ 
ization of axon pathways have been demonstrated en 
route to supraspinal sites, with the predominant path 
for afferents traveling to the ventrobasal thalamus re¬ 
siding on the contralateral side. Numerous neurons 
with axonal projections to the thalamus traversing the 
anterolateral white matter have been demonstrated to 
receive visceral inputs from pelvic organs (e.g. Milne 
et al. 1981). Despite these observations, experiments 
utilizing lesions of the anterolateral spinal white matter 
have demonstrated reduction/abolition of ventrobasal 
thalamic neuron responses to noxious cutaneous stim¬ 
uli, hut failed to demonstrate a significant reduction 
in the responses to colorectal distension in rats and 
primates (Al Chaer and Willis 1999; Hirshberg et al. 
1996; Ness 2000). In contrast, ventrolateral medullary 
neuronal responses to colorectal distension and the evo¬ 
cation of cardiovascular and visceromotor reflexes to 
the same stimulus disappeared with ventrolateral white 
matter lesions (Ness 2000). Neurons with projections 
to other supraspinal sites such as the hypothalamus, 
parabrachial nucleus, mesencephalon, pons and other 
medullary sites have been demonstrated to be excited 
by pelvic organ stimulation (e.g. Katter et al. 1996). It 
must be extrapolated that the axonal projections of this 
specific subset of neurons follows the same spinal white 
matter pathways as other spinal neurons with similar 
terminal sites of projection. Hence, the ipsilateral and 
contralateral ventrolateral white matter pathways are the 
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presumed predominant pathway, with an unknown bal¬ 
ance between ipsilateral and contralateral localization. 

Lamina I Spinothalamic Pathways 

► Spinothalamic neurons located within lamina I have 
been demonstrated to send axonal projections to the con¬ 
tralateral thalamus via a contralateral dorsolateral path¬ 
way. As lamina I neurons have also been demonstrated to 
receive pelvic visceral inputs, it is presumed that similar 
white matter proj ections exist for visceroceptive lamina I 
neurons. 


dorsolateral funiculus pathways (Berkley and Hubscher 
1995). 

Summary 

Spinal dorsal horn neurons excited by stimulation of the 
colon, urinary bladder and/or uterus have axonal pro¬ 
jections to numerous intraspinal and supraspinal sites. 
Unique to these visceral structures is the suggestion of a 
role for dorsal column pathways in nociceptive process¬ 
ing. Other pathways appear to be shared with somatic 
nociceptive pathways. 


Dorsal Column Pathways 

One of the most exciting neurophysiological findings re¬ 
lated to visceral pain is the demonstration of the exis¬ 
tence of a spinal pathway in the midline of the dorsal 
columns for the rostral transmission of pelvic visceral 
nociception. Discrete neurosurgical lesions of this por¬ 
tion of the spinal cord have been demonstrated to re¬ 
lieve cancer-related pain in patients with pelvic visceral 
pathology (Hirshberg et al. 1996; Nautaetal. 2000). Par¬ 
allel studies in non-human animals have demonstrated 
that in this area of spinal white matter, there exist axons 
of post-synaptic dorsal horn neurons receiving noxious 
excitatory input from the colon, bladder and/or uterus. 
Excitatory responses of neurons located in the medullary 
gracile nucleus or ventrobasal thalamus to noxious vis¬ 
ceral stimuli are attenuated/abolished with lesions of the 
dorsal midline region of the spinal cord (Al Chaer et al. 
1999; Berkley and Hubscher 1995; Hirshberg et al. 1996; 
Ness 2000). Inputs from the uterus to medullary gracile 
nucleus neurons have been demonstrated not to require 
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Spinal Ascending Pathways, Colon, Urinary Bladder and Uterus, 
Figure 1 Schematic diagram of spinal cord cell body localizationof neu¬ 
rons receiving pelvic organ visceral inputs (filled circles) and spinal white 
matter pathways discussed in text (see also ► spinosolitary neurons; 
► spinoparabrachial neurons). 
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I- 

Spinal Block 

Definition 

Injection of local anesthetic into the spinal fluid of the 
lumbar spinal canal; rarely used for diagnostic blocks. 
► Pain Treatment, Spinal Nerve Blocks 


I- 

Spinal Cord 

Definition 

The spinal cord is part of the central nervous system and 
connects the brain to the rest of the body. The dorsal horn, 
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which is the dorsal part of the grey matter, contains the 
cell bodies of sensory neurons. 

► Opioid Receptor Localization 

► Prostaglandins, Spinal Effects 

I- 

Spinal Cord Astrocyte 

► Cord Glial Activation 

I- 

Spinal Cord Compression 

Synonyms 

see 

Definition 

Spinal cord compression (SCC) is due to extrinsic 
compression of the cord from the epidural space sec¬ 
ondary to extension of adjacent bony or soft tissue 
lesions. Less commonly, SCC can be a complication 
of intramedullary metastases or primary tumors (even 
benign). Of cancer patients, 5-10% suffer SCC. Most 
cases of SCC are caused by extension of vertebral bone 
metastases to the epidural space. Metastases of can¬ 
cer of breast, lung and prostate are the most common 
causes of SCC. Pain precedes the neurological symp¬ 
toms (e.g. paresis) in almost all cases; however, the 
diagnosis of SCC is always delayed until the onset of 
a full blown neurological syndrome. The treatment of 
choice is radiotherapy accompanied by high doses of 
dexamethasone. 

► Cancer Pain 

► Cancer Pain Management, Radiotherapy 

I- 

Spinal Cord Injury Pain 

D. Paul Harries 

Pain Care Center, Samaritan Hospital Lexington, KY, 
USA 

pharries @ kypain.com 

Characteristics 

Incidence 

Spinal Cord injury (SCI) occurs at an annual incidence of 
between 20 and 40 cases per million of the populations. 
Of those affected 69% suffer from chronic pain, athirdof 
these patients describing their pain as severe. Half of the 
patients describe primarily neuropathic symptoms, 25% 
primarily non-neuropathic symptoms and 25% a mix¬ 
ture of pain types. Generally, ► neuropathic pain seems 
to be worse with distal lesions and in incomplete spinal 
cord injuries (► incomplete spinal cord injury) (Kirsh- 
blum 2002). 


Pain in Relation to Level of Injuiy 

Pain can occur at the site of injury, above the injury and/or 
below the injury. Somatic and neuropathic pain can oc¬ 
cur at each of these levels. It is helpful when evaluating a 
patient to try and think of pain origin in these terms. For¬ 
mal classification has been suggested (Bryce and Rag- 
narsson 2000; Siddall et al. 1997). 

Cranial to Injury 

Probably the commonest source of somatic pain cranial 
to the injury is from the shoulder joint. This joint is par¬ 
ticularly vulnerable to repeated trauma in the paraplegic 
using their arms to propel a wheelchair. 

Neuropathic pain cranial to the injury is classically as 
a result of peripheral nerve compression from wheel¬ 
chair positioning, lack of padding and as a result of 
poorly fitting orthotics. Prevention is the best approach. 

► Entrapment neuropathies do occur at an increased 
rate and treatment for these follows conventional guide¬ 
lines for these syndromes once external compression 
has been eliminated. 

At the Level of Injury 

At the level of injury, pain can be somatic from associ¬ 
ated injuries to bony structures and soft tissues; fusion 
hardware can contribute to this component of the pain. 
Neuropathic pain can be as a result of either injury 
to the exiting root at the time of injury or surgery, or 
from ongoing compression, the latter being potentially 
amenable to surgical decompression. Neuropathic pain 
at the level of injury can also arise from within the cord 
itself. ► Selective nerve root block s may be helpful in 
making this distinction. 

Caudad to Injury 

Neuropathic pain distal to the level of injury is classi¬ 
cally of central origin. Somatic pain can be as a result of 
acquired musculoskeletal problems and is particularly 
associated with poorly controlled ► spasticity. 

Psychological Factors and Substance Abuse 

It is estimated that 50% of patients with SCI in the United 
States have a prior history of substance abuse. There are 
a similar percentage of patients with significant pre mor¬ 
bid psychological/psychiatric issues. These clearly af¬ 
fect the patient’s suffering after a SCI (Kennedy et al. 
1995; Kirshblum 2002). 

Other Factors Causing Pain after SCI 

Poorly controlled spasticity is associated with increased 
pain. Spasticity may result in compromised wheelchair 
seating, and as a result postural imbalances may develop 
that increase pain. It is particularly important to evaluate 
a patient for contractures around the hip joint, as these 
may result in a cascade of seating related pain generators. 

► Syringomyelia can present with new onset of pain 
years after a SCI. To think of a syrinx is usually enough 
to make the diagnosis! 
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► Heterotopic ossification develops in up to 50% of SCI 
patients; this can be painful. NSAIDs (with or without 
surgical resection) are the mainstay of treatment where 
tolerated. 

Management of Particular SCI Pain Syndromes Medications 

Gabapentin has become first line therapy for neuropathic 
symptoms following SCI (Ahn et al. 2003; Levendoglu 
et al. 2004; Tai et al. 2002). Numerous studies have 
demonstrated its effectiveness. Carbemazapine and 
other AEDs have also been utilized. Baclofen and 
Tizanadine have been used as adjuvant therapy. 
Spasticity related pain is controlled using Baclofen, Ti¬ 
zanadine, benzodiazepines or Dantrolene. 

Narcotics together with NSAIDs are the mainstay of 
pharmacologic management of somatic pain. Narcotic 
management can be very challenging given the 50% 
rate of substance abuse. 

Chronic shoulder pain in the SCI patient who uses their 
arms for propulsion can be very difficult to treat. Evalu¬ 
ation of scapular stabilizer muscle strength is important, 
and strengthening exercises may well be necessary. The 
trade off between using a power chair with improvement 
in pain vs. loss of exercise and physiological fitness is 
a difficult balance. 

► Autonomic dysreflexia is a syndrome that can occur 
in patients with an SCI above T6. It is characterized by 
an exaggerated autonomic response to what would nor¬ 
mally represent a painful area (e.g. ingrown toenail) or 
even normal visceral distension (e.g. distended bladder) 
stimuli. Severe hypertension can occur, which left un¬ 
treated can be fatal. Optimal treatment starts with re¬ 
moval of the responsible stimulus. Careful clinical eval¬ 
uation is mandatory. 

Interventional Pain Techniques 

Selective nerve root blocks and ganglion radiofrequency 
lesions can be performed for segmental neuropathic 
pain. There are no good outcome studies for these 
procedures. 

Facet joint denervation can be helpful in some pa¬ 
tients with facet pain (see ► Facet Joint Procedures 
for Chronic Back Pain and ► Dorsal Root Ganglion 
Radiofrequency) . 

Intrathecal infusions of Morphine and Clonidine for 
pain, and Baclofen for spasticity, have been utilized 
with success in SCI (Siddall et al. 2000; Sjolund 2002). 
Spinal Cord Stimulation for neuropathic pain after SCI 
has generally been disappointing, with the exception of 
pain following cauda equina lesions (Kirshblum 2002; 
Midha and Schmitt 1998). 

Surgical Interventions 

Dorsal Root Entry Lesions have been used for severe 
neuropathic pain at the site of injury with limited success 
(Werhagen et al. 2004; Young 1990). 


Deep Brain Stimulation has been used for chronic pain 
after SCI, however, there is no evidence to support its 
use (Kumar 1997). 

► Functional Changes in Sensory Neurons Following 
Spinal Cord Injury in Central Pain 

► Opioids and Reflexes 

► Spinal Cord Injury Pain Model, Hemisection Model 
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Synonyms 

Contusion injury model 

Definition 

The contusion injury model of spinal cord injury (SCI) 
pain refers to an animal model of SCI in which a spinal 
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cord ► contusion is produced by dropping a small 
weight either directly or indirectly onto the exposed 
surface of the cord. This results in a motor dysfunction 
and in a proportion of animals is accompanied by al¬ 
tered behavioural responses to peripheral mechanical 
and thermal stimulation suggestive of pain. 

Characteristics 

Background 

The contusion model of spinal cord injury is based on 
the Allen weight drop method and is sometimes referred 
to as the modified Allen weight drop method (Wrathall 
1992). In humans, most spinal cord injuries occur with a 
relatively fast application of a force that results in com¬ 
pression and contusion to the spinal cord. The contu¬ 
sion model, therefore, was designed to mimic the im¬ 
pact forces that are sustained in the clinical setting. It 
has been in use for nearly a century to investigate the 
sequelae of SCI, particularly in studies that investigate 
prevention of secondary consequences of cord trauma, 
regeneration and restoration of function. Although the 
contusion model has been used for some time in studies 
of SCI, most studies have focussed on motor effects of 
SCI and paid little attention to sensory changes. It is only 
more recently that it has been used to investigate mech¬ 
anisms of neuropathic pain following SCI (Siddall et al. 
1995; Hubscher and Johnson 1999; Mills et al. 2000; 
Lindsey et al. 2000). 

Description of the Model 

To produce a contusion injury, the animal is deeply 
anaesthetised and a laminectomy is performed to ex¬ 
pose the spinal cord, usually at the lower thoracic or 
upper lumbar levels. A small window is created over the 
dorsal surface of the spinal cord and the dura mater is 
left intact. The vertebral processes above and below are 
clamped to stabilise the spine. A guide tube containing 
a cylindrical weight (usually 10 g) is positioned directly 
over the exposed cord. The weight is then dropped from 
a fixed height (approximately 5-25 mm) in a guide 
tube by removing a pin inserted through holes at fixed 
intervals through the tube. Several devices are available 
that produce a standardised lesion such as the New York 
University (NYU) impactor. The weight drops though 
the guide tube and the tip, 2-2.5 mm diameter, impacts 
either directly onto the cord surface or against a plastic 
device with the same configuration resting on the cord 
surface. 

Another technique for producing a contusion injury has 
also been described by Hubscher and Johnson (1999). 
Rather than using an impact device, a contusion injury is 
induced by rapidly compressing the cord using a probe 
connected to a displacement-controlled device. 
Following the contusion injury, the wound is closed and 
the animal is allowed to recover from the anaesthetic 
with antibiotic and analgesic cover. The contusion re¬ 
sults in weakness of the hind limbs that is apparent im¬ 


mediately on recovery from anaesthesia. The severity of 
hindlimb weakness is proportional to the height of the 
weight drop. A 12.5-20 mm drop typically results in a 
transient hindlimb paralysis immediately following in¬ 
jury. However, depending on the severity of the injury, 
most animals regain motor function with a gradual im¬ 
provement over the 2-4 weeks following injury (Siddall 
et al. 1995; Hulsebosch et al. 2000; Lindsey et al. 2000). 
Although motor function improves following the con¬ 
tusion injury, a proportion of rats develop mechanical 
and ► thermal allodynia following spinal cord contu¬ 
sion. This ► allodynia may be present almost immedi¬ 
ately following the injury (Siddall et al. 1995) but may 
also develop later and persist for more than 10 weeks post 
injury (Lindsey et al. 2000). Interestingly, in the study 
by Lindsey et al. (2000) in which animals were assessed 
for 10 weeks following injury, after an initial increase 
in responsivity in the first 2 weeks, animals displayed a 
decrease in responsivity which then reappeared at 8-10 
weeks following injury. This suggests a biphasic onset 
pattern of allodynia which has also been noted in the is¬ 
chaemic SCI pain model. 

Allodynia and ► hyperalgesia are most commonly as¬ 
sessed by a change in vocalisation threshold to periph¬ 
eral stimuli but other responses such as orientation and 
escape behaviors may also be observed. ► Mechanical 
allodynia is evidenced by a decreased vocalisation 
threshold to mechanical stimulation. This is usually 
assessed by the application of graded ► Von Frey 
monofilaments onto the skin surface, noting the calibre 
and force of the filament that results in consistent vocal¬ 
isation (Siddall et al. 1995; Mills et al. 2000; Lindsey 
et al. 2000). Thermal allodynia or hyperalgesia may be 
assessed by application of a radiant heat stimulus (Mills 
et al. 2000) or by application of an ice probe (Lindsey 
et al. 2000). Stimuli are applied most commonly in the 
dermatomes close to the level of injury (trunk) (Siddall 
et al. 1995; Hubscher and Johnson 1999; Hulsebosch et 
al. 2000; Lindsey et al. 2000) as well as the forelimbs 
and hindlimbs (Hulsebsoch et al. 2000; Mills et al. 
2000; Lindsey et al. 2000). 

As well as these evoked responses, changes in behaviour 
suggestive of spontaneous pain have also been observed. 
Animals exhibit a reduction in exploratory behaviors in¬ 
cluding rearing and other activities that were indepen¬ 
dent of locomotor ability and may be indicative of the 
presence of spontaneous neuropathic pain (Mills et al. 
2001 ). 

Behavioural changes suggestive of evoked pain appear 
to occur most commonly in those animals that have mod¬ 
erate injuries. Most studies suggest that an injury of be¬ 
tween 12 and 25 mm results in the most consistent ex¬ 
pression of allodynia (Siddall et al. 1997; Lindsey et al. 
2000). Although the development of allodynia appears 
to be related to the severity of injury, it does not appear 
to correspond with the location of injury or the spinal 
cord structures that are affected. 
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Histologically, the extent of cell loss corresponds to the 
severity of injury. A 12-25 mm injury, which is most 
commonly used in SCI pain studies, results in cell loss 
which predominantly affects the spinal grey matter and 
dorsal columns. Cystic cavitation is evident in the cen¬ 
tral region of the spinal cord with a spared rim of white 
matter (Siddall et al. 1995; Lindsey et al. 2000). The le¬ 
sion mainly involves the injured segment but extends 
rostrally and caudally for a distance of approximately 1 
segment in each direction with a mean cavity length of 
4.2 mm following a 25 mm injury (Lindsey et al. 2000). 

Clinical relevance 

One of the issues confronting any animal model is its 
relevance to the clinical situation. The nature of the SCI 
following a contusive injury is very similar to the clini¬ 
cal situation in which most injuries are due to high im¬ 
pact trauma to the cord. Contusive trauma results in sec¬ 
ondary biochemical changes, through to cell death and 
necrosis similar to that seen in the spinal cord of humans 
who have had a high impact SCI. A weight drop from a 
relatively low height (6-25 mm depending on the device 
used) results in a lesion predominantly affecting the dor¬ 
sal columns and central grey matter with relative preser¬ 
vation of lateral and anterior fibre tracts. This is similar 
to the pathology evident in people with central cord in¬ 
juries. 

Allodynia and hyperalgesia typically occur and are 
strongest in the dermatomes close to the level of injury 
although changes in responsiveness with stimulation 
of hindlimbs and forelimbs have also been noted. Most 
studies have focussed on relatively early (<4 weeks) 
changes. The combination of these characteristics 
(damage to central structures, early onset, allodynia 
in the segments close to the level of injury) suggests 
that the model mimics the acute segmental allodynia 
and hyperalgesia that is sometimes a feature of central 
cord injuries (Siddall et al. 1999). A later onset form of 
this type of pain may also be indicated by the findings 
of Lindsey et al. (2000) and is also apparent clinically 
(Siddall et al. 1999). Thus the model appears to cor¬ 
respond well with a recognised pattern of ► at-level 
neuropathic pain that is observed following SCI (Siddall 
et al. 2002). This means that any observations on the 
underlying mechanisms and potential treatments are 
more likely to relate to at-level neuropathic SCI pain 
with allodynia and hyperalgesia. 

Findings 

The model has been used in a number of studies to in¬ 
vestigate the mechanisms underlying neuropathic pain 
following spinal cord injury. Using this model, it has 
been demonstrated that animals with allodynia follow¬ 
ing a contusion injury have higher levels of basal and 
evoked neuronal activity in the spinal cord close to the 
level of injury as measured by ► Fos immunoreactivity 
(Siddall etal. 1999). Single cell recordings in this model 


also demonstrate an increased responsiveness of some 
neurons in the spinal cord close to the damaged segment 
(Drew et al. 2001). It has also been demonstrated that an 
increase in neuronal responsiveness is not confined to 
spinal neurons. Neurons in the caudal brain stem show 
a decreased threshold to mechanical stimulation of the 
trunk (Hubscher and Johnson 1999). Evoked responses 
of thalamic neurons were also exaggerated in allodynic 
animals with a contusion injury with a higher proportion 
of cells exhibiting ► afterdischarges (Gerke et al. 2003). 
The receptor changes that may underlie these changes in 
behaviour and neuronal responsiveness have been exam¬ 
ined in a series of experiments investigating alterations 
in metabotropic glutamate expression following contu¬ 
sive SCI. These experiments indicate that contusion re¬ 
sults in an increase in the group I metabotropic glutamate 
receptor (mGluRl) in the spinal cord (Mills et al. 2001) 
and that this increase in expression occurs on spinothala¬ 
mic tract cells both just rostral to the site of the lesion and 
on cells in the cervical enlargement (Mills and Hulse- 
bosch 2002). 

Thus, findings from this model suggest that neuro¬ 
pathic pain following spinal cord injury is associated 
with abnormal responsiveness of spinal and supraspinal 
neurons with both an increased rate of firing and pro¬ 
longed firing beyond the period of stimulation. The 
cellular mechanisms underlying this increased neu¬ 
ronal responsiveness are still unclear but may include 
receptor changes such as alterations in metabotropic 
glutamate receptors. 
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Definition 

► Cordotomy (originally ► anterolateral cordotomy- 
referring to the geometric term “chord” to indicate 
interruption of white matter) was developed as a surgi¬ 
cal procedure to sever the spinothalamic tract at a spinal 
level above dermatomes to which extreme chronic pain 
is referred. However, physicians noted early on that, 
while pain was initially reduced or eliminated con¬ 
tralateral and below the level of cordotomy, pain often 
recurred, even 6 months or more after the lesion. Other 
studies have reported a strong correlation between 
development of chronic pain after traumatic ► spinal 
cord injury (SCI) and interruption of the spinothala¬ 
mic tract. This prompted investigations of evidence in 
animal models for recurrence of pain sensitivity follow¬ 
ing anterolateral spinal lesions, in order to understand 
mechanisms for chronic pain caudal to the level of the 
lesion following spinal cord injury. 

Characteristics 

Spinal cord injury produces loss of motor and sensory 
functions below the ► dermatomal level of the lesion, 
as a predictable consequence of interrupting long path¬ 
ways descending from and ascending to the brain. If the 
spinal cord is transected (e.g. at a thoracic level), con¬ 
sciously initiated motor activities of the legs and sensa¬ 
tions from stimulation of the lower limb are permanently 


lost. However, spontaneous sensations that are referred 
to the legs (perceived as if they originated in the legs) are 
commonly experienced after ► spinal transection, and 
these can be painful (Defrin et al. 2001; Finnerup et al. 
2003). 

Numerous investigations of human patients following 
incomplete spinal cord injuries or vascular strokes that 
affect ascending somatosensory pathways, have shown 
that chronic pain can also develop with these partial le¬ 
sions. Interestingly, in these patients, the body region 
from which the chronic, spontaneous pain originates of¬ 
ten has reduced, or no sensitivity to noxious stimuli or 
temperature, yet mild stimuli of these same regions can 
enhance or trigger the chronic pain (e.g. Boivie et al. 
1989). These results implicate interruption of the lateral 
spinothalamic tract as necessary for development and 
maintenance of chronic, below-level pain. 

Thus, paradoxically, interruption of the ascending 
pathways considered most important for ascending 
conduction of nociceptive input can result in chronic 
pain. However, spontaneous pain does not always de¬ 
velop after transection of the spinothalamic tract (see 
► Cordotomy Effects on Humans and Animal Mod¬ 
els). Therefore, this lesion may represent a necessary 
condition but does not represent a sufficient condi¬ 
tion for chronic, below-level pain. Possibly, the extent 
of a lesion that involves the spinothalamic tract (i.e. 
partial interruption, total interruption or inclusion of 
another critical pathway) is the determining feature. 
Alternatively, excitatory influences at the lesion site 
could have important influences on rostral sites that 
have been partially deafferented by the spinothalamic 
lesion. These factors have been evaluated in laboratory 
animal models of spinal cord injury. 

Two approaches have been used to study chronic pain 
in laboratory animals after spinal lesions. The first is 
observation of spontaneous behaviors that might be 
elicited by pain. For example, Levitt and Levitt (1981) 
observed episodes of self-injurious behavior directed 
towards regions caudal and contralateral to anterolateral 
cordotomy. The episodic nature of these behaviors is 
consistent with reports of pain episodes experienced by 
humans after spinal cord injury. However, the qualities 
of spontaneous sensations experienced by a laboratory 
animal cannot be deduced from self-injurious behav¬ 
ior, which could be elicited by non-noxious sensations 
such as itching, or tickle. Animals might persist in 
such behavior, even when they severely injure the body 
part, because scratching or biting the region of sensory 
referral would not be painful (or would be minimally 
painful) after interruption of the spinothalamic tract. 
The second approach to study the development of 
chronic pain caused by an incomplete spinal lesion 
such as cordotomy is to evaluate sensitivity to nocicep¬ 
tive stimulation before and after surgery. When chronic 
pain develops after cordotomy in humans, sensitivity to 
noxious stimulation recovers for stimulation within the 
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region of pain referral and can be heightened outside the 
region of referral (e.g. ipsilateral to the lesion) (Nagaro 
etal. 2001). 

Testing of operant escape from noxious stimulation in 
monkeys has demonstrated thatrestricted, superficial le¬ 
sions of the anterolateral tract result in long-lasting con¬ 
tralateral hypoalgesia, similar to the effects of superfi¬ 
cially located cordotomy in humans (Nathan and Smith 
1979; Vierck et al. 1990). In contrast, medially exten¬ 
sive lesions often resulted in recovery of pain sensibil¬ 
ity and even the development of hyperalgesia (Vierck 
et al. 1990). This result suggests that lesion extent is a 
critical feature of anterolateral cordotomy, a hypothesis 
that is difficult to evaluate in humans, because histolog¬ 
ical confirmation of lesion extent has rarely been possi¬ 
ble. Because mechanisms of recovery of behavioral re¬ 
sponses to nociceptive stimulation were difficult to study 
in monkeys, a rat model was developed to determine if 
similar results would be obtained (Vierck et al. 1995). 
This study demonstrated that, like monkeys and humans, 
rats with medially extensive anterolateral spinal lesions 
showed initial contralateral hypoalgesia, which recov¬ 
ered in some animals over time. 

Overall, the monkey and rat studies showed aremarkable 
correspondence to human patients with cordotomy, in 
that animals with medially extensive lesions recovered 
pain sensitivity in approximately 50 % of the cases, very 
similar to the percentage of patients with cordotomy 
who have recurrence of their pain (White and Sweet 
1969). Thus, another apparently paradoxical finding 
was confirmed: that larger, more medially extensive 
lesions resulted in the recurrence of pain, while smaller, 
more restricted lesions resulted in permanent pain 
reduction. 

The explanation for less doing more, in terms of reduc¬ 
ing pain following cordotomy, may lie in reactions to the 
injury in the spinal gray, rather than in the tracts lesioned. 
For example, Vierck and Light (1999) observed ipsilat¬ 
eral hyperalgesia when hemotoxic ischemia was inten¬ 
tionally introduced within the gray matter at the cordo¬ 
tomy lesion sites of rats (Fig. 1). 

Other investigations of neuronal activity within spinal 
segments bordering a variety of spinal lesion models 
have shown conclusively that some neurons exhibit 
abnormal spontaneous activity and hyperexcitable 
responses to somatosensory input and abnormal af¬ 
terdischarge. The lesion models include lateral hemi- 
section (Hains et al. 2003), contusion injury (Gerke et 
al. 2003), photochemical ischemia (Hao et al. 1992) 
and excitotoxicity (Yezierski and Park 1993). These 
demonstrations of neuronal hyperexcitability are most 
clearly related mechanistically to ► dysesthesias and 
pain, which can be experienced within dermatomes 
bordering a spinal lesion (► at-level phenomena). In 
addition, they may provide evidence for a determining 
factor in development of below-level pain after inter¬ 
ruption of the spinothalamic tract. Thus, it may be that 


ischemia/excitotoxicity establishes abnormal activity 
of sufficient magnitude in neurons bordering a spinal 
lesion that propagates via diffuse spinal projection sys¬ 
tems and influences spontaneous and evoked activity of 
rostral projection sites, particularly including those par¬ 
tially deafferented, by interruption of the spinothalamic 
tract. 

Evidence for propagation of excitatory influences along 
the propriospinal system of diffuse spinal projections 
has been provided by assessment of nociceptive re¬ 
flexes, and by psychophysical observations of humans 
after SCI. Excitotoxic injury to the spinal gray matter 
of rats enhances reflexes elicited by mechanical and 
thermal stimuli delivered to segments caudal to the 
lesion (Yezierski et al. 1998), and thoracic lateral hemi- 
section of rats has this effect on forelimb and hindlimb 
reflex responses to mechanical and thermal stimula¬ 
tion (Christensen et al. 1996). In monkeys, SCI can 
transform the valence of intersegmental modulation 
from inhibitory to excitatory, using a condition-test 
paradigm (Vierck et al. 2002), and nociceptive flexion 
reflexes can recover from an initial depression follow¬ 
ing anterolateral cordotomy, similar to the return of 
contralateral pain sensitivity (Vierck et al. 1990). Thus, 
modulation of segmental spinal reflexes in laboratory 
animals is affected rostral and caudal to a spinal lesion, 
and this effect can change over time after SCI. Sim¬ 
ilarly, exaggeration of flexion reflexes caudal to SCI 
is well documented in humans as a component of the 
spastic syndrome (Dimitrijevic and Nathan 1967), and 
autonomic and somatic reflexes rostral to a lesion can be 
enhanced in humans (Calancie 1991; Curt et al. 1997). 
In addition, psychophysical tests of humans after SCI 
have shown that pain sensitivity can be exaggerated 
for stimulation rostral to a spinal lesion (Vierck et al. 
2002 ). 

Both laboratory animal and human studies have impli¬ 
cated combined contributions of spinal hyperexcitabil¬ 
ity and rostral deafferentation for establishment of 
chronic pain after SCI. Following anterolateral cordo¬ 
tomy and more extensive spinal lesions in rats, monkeys 
and humans, abnormal spontaneous activity is present in 
a primary thalamic termination site of the spinothalamic 
tract (nucleus ventralis posterolateralis: VPL) (Weng 
et al. 2000). Clearly, sufficient spontaneous activity in 
a pain transmission system could produce sensations 
of pain, but the pattern or intensity of this activity that 
elicits pain is difficult to determine. An investigation 
with rats after contusion injury of the spinal cord, how¬ 
ever, has shown that spontaneous and elicited activity in 
partially deafferented thalamic nucleus VPL is greater 
in animals with exaggerated reflex responses to at-level 
stimulation than for animals with comparable lesions 
but no reflex enhancement (Gerke et al. 2003). Also, 
a study of humans with incomplete spinal lesions has 
thoroughly characterized the sensitivity to below-level 
stimulation of those with and without chronic pain 
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Spinal Cord Injury Pain Model, 
Cordotomy Model, Figure 1 Three 
examples of effects of spinal lesions 
on nociceptive sensitivity of rats. 
Each lesion cavity was filled with 
blood to produce hemotoxicity 
within the spinal gray matter. 

Each graph presents the speed 
of operant escape responses 
to electrocutaneous stimulation 
(ordinate) within successive 
postoperative testing sessions 
(abscissa; 5 sessions per week). 

(a) A large lesion involving both 
lateral white columns and the 
gray matter produced a bilateral 
reduction of nociceptive sensitivity 
that recovered to preoperative 
levels (dashed line), (b) In contrast, 
a small superficial lesion of 
anterolateral white matter on the 
right produced a substantial and 
enduring contralateral reduction of 
escape speed, accompanied by an 
ipsilateral hypersensitivity, (c) A 
large unilateral lesion produced a 
moderate contralateral reduction 
of escape speed that episodically 
recovered to preoperative levels 
(dashed line). Ipsilateral sensitivity 
for this animal was increased, 
particularly early. 


(Finnerup et al. 2003). Absence of below-level thermal 
sensitivity was present for all subjects, indicating that 
interruption of the spinothalamic tract was common to 
all lesions. However, regions of below-level allodynia 
were unique to subjects with pain, and the abnormally 
sensitive regions corresponded to locations of referred 
pain. These studies indicate that spinal hyperexcitabil¬ 
ity is a contributing factor to abnormal thalamic activity 
and chronic pain for incomplete spinal lesions. It re¬ 
mains to be determined if this is the case for complete 
spinal transections that result in below-level central 
pain. 

In summary, interruption of the spinothalamic tract is 
a necessary condition for development of below-level 
pain following SCI. In addition, abnormal discharge 
within the gray matter bordering a lesion appears to be a 
necessary condition for development of increased pain 
sensitivity over time, an accompaniment of chronic pain 
following incomplete spinal lesions. Neither of these 
factors represents a sufficient condition for chronic 
pain or increased nociceptive sensitivity. Therefore, 
attenuation or prevention of abnormal activity within 
the spinal gray matter bordering a spinal lesion has the 
potential to reduce the probability that a chronic pain 
condition will become established. 
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Synonyms 

Spinal cord injury; Hemisection Model; Central neuro¬ 
pathic pain; Chronic Central Pain Models 

Definition 

Spinal Hemisection Model of Chronic Central Pain is a 
surgical lesion in the rat to the low thoracic spinal cord, 
between the dorsal root entry zones of T13 and LI, in 
which the spinal cord is cut, unilaterally, from dorsal to 
ventral. The surgical cut includes unilateral lesions of 
the dorsal column system, dorsal corticospinal tract, Lis- 
sauer’s tract, lateral and ventral funiculi, (including the 
dorsal lateral fasciculus, spinothalamic, spinocerebellar, 
and ventral corticospinal tracts) and the grey matter on 
one side of the cord. ► Mechanical allodynia develops 
over two to three weeks bilaterally in the dermatome of 
the segment of lesion, as well as bilaterally in both the 


forelimbs and hindlimbs; while ► thermal allodynia (al¬ 
lodynia - since lower temperature than that of presurgery, 
evokes response after surgery) develops in these same re¬ 
gions but a week or so later than mechanical allodynia. 
The mechanical and thermal allodynia persist for the life 
of the animal. 

Characteristics 

Spinal cord injury (SCI), with the development of var¬ 
ious pain states, continues to present a significant chal¬ 
lenge to physicians treating these disease entities. It is 
disturbing that embarrassingly little is known concern¬ 
ing the pathophysiology of pain following CNS trauma. 
Clearly, the attention devoted to the treatment of chronic 
central pain is underrepresented in terms of research, and 
thus treatment options. The definition of central pain, ac¬ 
cording to the International Association for the Study of 
Pain, is “pain initiated or caused by a primary lesion or 
dysfunction in the central nervous system”, for example, 
as occurs following SCI. Chronic pain is pain that per¬ 
sists beyond the period of wound healing. Thus, chronic 
central pain (CCP) after SCI is pain that persists long af¬ 
ter the SCI healing has occurred. 

Central pain syndromes and ► dysesthesias can be 
divided into two broad categories based on the depen¬ 
dency of the pain on peripheral stimuli: 1) persistent 
pain - occurs independent of peripheral stimuli, occurs 
spontaneously, increases intermittently and is described 
as numbness, burning, cutting, piercing or electric-like; 
and 2) peripherally evoked pain - occurs in response 
to either normally nonnoxious or noxious stimuli. In 
the case where the peripherally evoked pain is in re¬ 
sponse to normally nonnoxious stimuli, the pain state 
developed is considered to be allodynia. In the case 
where the peripherally evoked stimulus is in response 
to a normally noxious stimuli but the response is ex¬ 
aggerated, the pain state developed is considered to 
be hyperalgesia. A subtle but important definition is 
the state of increased sensitivity to stimulation, which 
may or may not be painful which is considered to be 
hyperesthesia. Chronic central pain syndromes are 
characterized by the presence of persistent pain with 
concomitant changes in peripheral somatosensory re¬ 
sponses. Recently, The International Association for 
the Study of Pain proposed clear classifications in the 
case of CCP (or central neuropathic pain, CNP) after 
spinal cord injury, since there are clear differences with 
regard to kinds of pain presented in the clinic. 

An understanding of the pathophysiological bases for 
these differences can aid therapeutic strategies used to 
treat the pain. Essentially, there are two general classes 
of pain after SCI: nociceptive and neuropathic. Noci¬ 
ceptive pain is abnormal pain arising from stimulation 
of somatic or visceral nociceptors, while neuropathic 
pain is abnormal pain initiated or caused by a primary 
lesion or dysfunction in the nervous system. In SCI 
patients, examples of nociceptive pain include dam- 
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age of skeletal structures and ligaments of the spine, 
overuse of muscles, and decubitus. Non-steroidal anti¬ 
inflammatory drugs and physical therapy are effective 
treatment strategies for nociceptive pain. Neuropathic 
pain, however, remains a therapeutic challenge. If the 
lesion is in the peripheral nervous system, the pain state 
is described as peripheral neuropathic pain; if it is in the 
central nervous system, the pain state is central neuro¬ 
pathic pain. Within the central neuropathic pain class, 
specifically in spinal cord lesions, there are three further 
subdivisions which describe the location of neuropathic 
pain relative to the location of the lesion: above-level, at- 
level, and below-level neuropathic pain. At-level pain is 
pain located in dermatomes immediately adjacent (typ¬ 
ically rostrally) to the level of injury, most commonly 
described as a “girdle” of pain to mechanical stimuli. 
Below-level pain occurs in dermatomes or structures 
below the level of lesions, commonly described by 
SCI patients as “their legs hurt.” Above-lesion pain is 
abnormal pain sensations that occur above the lesion, 
such as increased sensitivity to tactile stimulation to 
the face of paraplegics and quadriplegics and increased 
sensitivity to cold. All three of these classifications, 
while described by location, are certainly products of 
different pathphysiological conditions, which, when 
understood, can be treated effectively. The spinal hemi¬ 
section model allows investigators to explore all three 
subdivisions of neuropathic pain: above-level, at level 
and below-level. 

Another barrier in the failure of therapeutic strategies 
to treat dysesthesias of SCI is largely due to the diffi¬ 
culty in modeling SCI in mammalian models with simi¬ 
lar pathophysiological mechanisms to the clinical symp- 
tomology. 

There are several animal models of chronic pain after 
SCI: 

1. The ischemic model developed in Z. Wiesenfeld- 
Hallin & laboratory, an intravascular photochemical 
reaction occludes blood vessels in the thoracic cord, 
thereby producing spinal cord ischemia with a re¬ 
sultant band of mechanical allodynia on the trunk at 
the lesion site ("girdle” region, at level). 

2. Unilateral single quisqualate injections into the spinal 
dorsal horn of T10 to L4 spinal segments described by 
R. Yezierski, which eventually results in overgroom¬ 
ing and mechanical allodynia in the peripheral der¬ 
matome of the segment that received the injection (at 
level). 

3. The spinal contusion model that results in changes in 
spontaneous activity (Mills et al. 2001b), as well as 
thermal and mechanical allodynia in both forelimbs 
andhindlimbs (above-level, below level), anddemon- 
strates the development of mechanical allodynia at 
the segment of injury that extends rostral for several 
dermatomes, “girdle” allodynia (at level, Hulsebosch 
et al. 2000a). 


4. Selective surgical lesions done in C. Vierck’s labo¬ 
ratory, which included anterolateral lesions of white 
matter, and both white and grey matter in monkeys 
and rats, that produces overgrooming and mechani¬ 
cal allodynia in both rostral (above level) and caudal 
segments (below level). 

5. A clip compression model developed in L. Weaver’s 
laboratory, in which a 35 g or 50 g clip compresses 
the lower thoracic spinal cord, and the development of 
mechanical allodynia in the hindlimbs (below level) 
is demonstrated by rats. 

6. A spinal hemisection model in rats in which the 
spinal cord is unilaterally cut dorso-ventrally, with 
the development over time of “girdle” pattern of me¬ 
chanical allodynia (at level), thermal and mechanical 
allodynia in both forelimbs and hindlimbs (above 
and below level, Christensen and Hulsebosch 1997) 
and alterations in spontaneous activity (Hulsebosch 
2002 ). 

There are several advantages of the spinal hemisection 

(HS) model over other models of CCP after SCI: 

1. HS avoids the variability of vascular-dependent le¬ 
sions. 

2. Responses to a variety of somatic stimuli are exam¬ 
ined, since pharmacological interventions may selec¬ 
tively alter one quality of sensation (e.g., thermal and 
not tactile). 

3. Changes in locomotion are assessed using the Basso, 
Beattie and Bresnahan (BBB) open field test scale de¬ 
veloped in the laboratory of M. Basso, to control for 
alterations in motor control that might affect the no¬ 
ciceptive tests. 

4. Most animals develop allodynia [only a subset (44%) 
of the spinal ischemic rats, 50% of the quisqualate 
spinally injected rats and 80% of the spinal contused 
rats (Mills et al. 2001a) develop mechanical allody¬ 
nia]. 

5. Both spontaneous and evoked components of central 
neuropathic pain occur (Hulsebosch 2002). 

6. Surgical ease and reproducibility, i.e., this is a rela¬ 
tively low technical approach that does not require 
an expensive contusion weight drop apparatus, and 
finally, 

7. While spinal contusion lesions may better parallel 
the injury profile described in human spinal cord 
injury (Hulsebosch et al. 2000a), we have deter¬ 
mined empirically that the hemisection model has 
several advantages over the contusion model such as, 
no “twice daily” bladder expressions for up to two 
weeks, no accompanying bladder infections, bet¬ 
ter hindlimb recovery for spontaneous and evoked 
testing allowing below-level testing of “pain-like” 
behavior and, importantly, more animals develop 
allodynia in this model than other models (Mills et 
al. 2001a; Hulsebosch 2002). 
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To approach this concept at the single cell level, if 
one focuses on a pain projection neuron, such as a 
spinothalamic tract neuron, input from primary affer- 
ents, intemeurons and descending inputs can either 
facilitate or inhibit the excitability of the projection 
neuron by receptor-mediated alterations in membrane 
potential. Equally important in projection neuron ex¬ 
citability, is the presence of ion channels and a variety 
of second messenger and trans-synaptic signaling cas¬ 
cades. Thus, by pharmacological interventions using 
antagonists of excitatory receptors, or agonists of in¬ 
hibitory receptors, or appropriate manipulation of ion 
channel permeability, it is possible to alter the hyper¬ 
excitability that is present after SCI (Hains et al. 2003). 
The spinal hemisection allows easy interpretation of 
whole animal behavior in response to pharmacological 
intervention, since the hindlimbs are not compromised. 
For example, it has been demonstrated by our labo¬ 
ratory and others that calcitonin gene-related peptide 
(CGRP) is a putative nociceptive transmitter. Thus, 
blocking CGRP receptor activation with a neutralizing 
peptide fragment that binds in the CGRP ligand bind¬ 
ing site, but does not activate the G-protein coupled 
activation of adenyl cyclase. This results in attenuation 
of evoked responses in the forelimbs and the hindlimbs 
that are consistent with mechanical and thermal allo- 
dynia (above-level and below-level pain) (Bennet et 
al. 2000a). Similarly, inhibition of excitatory amino 
acid (EAA) receptors by the NMDA antagonist D-AP 
5, and a non-NMDA antagonist that is specific for the 
AMPA/kianate receptor (NBQX) (Bennett et al. 2000b), 
attenuates mechanical allodynia but has no effect on 
thermal allodynia in both the forelimbs and hindlimbs. 
Furthermore, application of exogenous catecholamines 
(Hains et al. 2000a) or serotonin (Hains et al. 2000b) 
attenuate the mechanical and thermal allodynia both 
above and below level, presumably subserving the 
descending inputs that provide tonic inhibition of pro¬ 
jection neurons that were severed in the hemisection. 
In another example, evoked and spontaneous allodynia 
behaviors are attenuated with an L-type Ca channel 
blocker (gabapentin, see Hulsebosch 2002) with the rat 
spinal hemisection model, after development of me¬ 
chanical and thermal allodynia in both forelimbs and 
hindlimbs. Behavioral measures of both mechanical 
and thermal allodynia are described in detail elsewhere 
(Christensen et al. 1996). It is important to note that 
the measures (frequency or latency) of brisk paw with¬ 
drawals are accompanied by active attention of the rat to 
the stimulus by head turning and stimulus attack, whole 
body posturing to avoid a repeated stimulus in response 
to stimuli. The inclusion of these complex behaviors 
excludes simple hyperreflexia, which is a segmental 
response. Briefly, all the above interventions resulted in 
attenuation of both mechanical and thermal allodynia 
with the exception of the NMDA antagonist (D-AP5) 
and the non-NMDA antagonist (NBQX), which atten¬ 


uated mechanical but not thermal allodynia, in both 
above level and below level subclassifications of CNP. 
To summarize, there are many models of CNP after 
spinal cord injury and each have advantages and disad¬ 
vantages. The above discussion focuses on the spinal 
hemisection model as a useful model of clinical CNP. 
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Definition 

A photochemical technique was developed to induce is¬ 
chemia in nervous tissue (Dietrich et al. 1986), which re¬ 
sults from a reaction between a photosensitizing dye cir¬ 
culating in the blood stream and a focused light source, 
producing singlet oxygen, leading to damage of the en¬ 
dothelial layer of the vessel. The developing thrombo¬ 
sis causes localized ischemia. Spinal cord injury can be 
produced in rats following intravenous injection of the 
red dye erythrosin B, and subsequent irradiation with an 
argon ion laser (Hao et al. 1991; Hao et al. 1992). By 
varying the duration of laser irradiation, the extent of 
ischemia and consequent injury can be controlled (Hao 
et al. 1991; Hao et al. 1994). In this series of studies is¬ 
chemia was induced in lower thoracic to midlumbar seg¬ 
ments in Sprague-Dawley rats. 

Characteristics 

Acute Pain-Like Behaviors, Underlying Physiological Mecha¬ 
nisms and Pharmacology 

Within 24 h following spinal ischemia about 90% of rats 
develop hypersensitivity to mechanical stimuli (Hao et 
al. 1991;Haoetal. 1992a). The acute allodynia is present 
in animals with both mild and severe ischemic injury. 
Following transient ischemia motor deficits are minor, 
accompanied by little or no morphological damage in 
the spinal cord at the light microscopic level (Hao et al. 
1991; Hao et al. 1992). A similar acute hypersensitivity 
follows severe ischemia, producing severe motor deficit, 
including bladder paralysis for about 1 week, and exten¬ 
sive injury to the dorsal spinal cord. In these cases, the 
acute phase is often followed by a chronic phase of al¬ 
lodynia. 

The behavioral abnormalities during the acute phase 
include mechanical hypersensitivity to brushing and 
pressure and cold hypersensitivity, but no increased 
responsiveness to heat. The allodynic area is usually 
fairly large, including the flanks and the whole back 
region (Figure la). 


To study the underlying physiological mechanisms of 
acute allodynia, the characteristics of wide dynamic 
range (WDR) neurons in the dorsal horn were compared 
in normal and allodynic animals (Hao et al. 1992). The 
receptive field sizes and background activity were sim¬ 
ilar in the two groups. Cutaneous stimuli that activated 
both A and C afferents evoked a biphasic response, with 
a short latency A-fiber mediated and a long latency C- 
fiber mediated response in normal animals. In allodynic 
animals, the stimulus evoked a prolonged burst, with no 
separation between A- and C-fiber mediated activity. 
The overall response magnitude was increased, but the 
A-fiber mediated response especially was much greater 
than normal. The response of the WDR neurons to me¬ 
chanical stimulation with calibrated von Frey hairs in 
normal animals increased linearly with increased pres¬ 
sure. In allodynics, the cells had a significantly lower 
threshold than normal and the response magnitude 
increased exponentially, reaching maximal discharge 
frequencies at lower stimulus intensities than in normal 
animals. In contrast, the neuronal responses to noxious 
thermal stimuli applied with a CO2 laser were indistin¬ 
guishable in normal and allodynic animals. Thus, the 
responses of single neurons clearly reflected the behav¬ 
ioral abnormalities, where allodynia to mechanical, but 
not to heat, stimulation was observed. 

The pharmacological basis of acute allodynia was also 
examined (Table 1). 

Systemic or intrathecal administration of the GABA- 
B receptor agonist baclofen alleviated the allodynia 
and normalized the response pattern of WDR neurons 
recorded from allodynic rats, indicating an important 
role for activation of the GABA-B receptors in con¬ 
trolling the expression of mechanical allodynia. The 
GABA-A agonist muscimol had no effect. We have 
subsequently demonstrated that the number of dorsal 
horn neurons exhibiting GABA-like immunoreactivity 
was temporarily decreased after spinal cord ischemia, 
during the period when the acute allodynia was ob¬ 
served (Zhang et al. 1994). These results suggest that 


right 


left 
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Spinal Cord Injury Pain Model, Ischemia Model, Table 1 Summary of the effect of drugs applied systemically or intrathecally on acute and chronic 
allodynia in spinally injured rats. The drug's mechanism of action and side effects are indicated in parentheses 


Drug 

Acute Allodynia 

Systemic 

Intrathecal 

Chronic allodynia 

Systemic 

Intrathecal 1 

Morphine (p-opioid agonist) 


a§f. 

- (sedation) 

+ 

DAMGO (p-opioid agonist) 

nt 

nt 

nt 

+ 

CI977, U50488 (ic-opioid agonist) 

nt 

nt 

- (sedation) 

- (increased pain) 

CI988 (CCK-B receptor antagonist) 

nt 

nt 

+ 

nt 

DPDPE (8-opioid agonist) 

nt 

nt 

nt 

+ 

Clonidine (a-2 adrenergic agonist) 

nt 

si 

- (sedation) 

+ 

R-PIA (adenosine 1 receptor agonist) 

nt 

■#, 

nt 

+ 

Baclofen (GABA-B agonist) 

+ 

+ 


nt 

Muscimol,THIP (GABA-A agonist) 




nt 

Diazepam (benzodiazepine) 

nt 

nt 

- (sedation) 

nt 

Tocainide, mexiletine (Na+-channel blocker) 

+ 

nt 

+ 

nt 

Carbamazepine (tricyclic antidepressant) 

nt 

nt 

- (sedation) 

nt 

Gabapentin (Ca++ current inhibitor) 

nt 

nt 

+ 

nt 

NBQX (AMPA antagonist) 

+ 

nt 

- (sedation) 

nt 

MK-801, CGS 19755 (NMDA antagonist) 

* 

nt 

± (sterotypy) 


Dextromethorphan (NMDA antagonist) 

nt 

nt 

+ 

nt 

F 13640 (5-HT A1 receptor agonist) 


nt 

+ 

nt 


+=good effect, ±=moderate effect, -=no effect, nt=not 


the acute allodynia is predominantly mediated by ab¬ 
normal input from myelinated afferents. The sensory 
abnormality is primarily due to disinhibition, involving 
a loss of GABAergic presynpatic control of input via 
myelinated afferents, which may result from a high 
susceptibility of GABAergic neurons to excitotoxic- 
ity. 

Chronic Allodynia, Its Underlying Physiological Mechanisms 
and Pharmacology 

A chronic syndrome, with sensory abnormalities more 
severe than in the acute condition, develops in a sub¬ 
group of animals following severe, irreversible spinal 
cord ischemia (Xu et al. 1992). The main symptoms of 
this chronic syndrome are mechanical and cold allody¬ 
nia referred to zones rostral to the damaged spinal cord 
segments (Fig. lb). 

Injury to dorsal gray matter is necessary for the develop¬ 
ment of chronic allodynia, which appears after a delay of 
2-8 weeks following the injury. Oncepresent, the allody¬ 
nia persists without signs of remission. Not all rats with 
a similar degree of spinal cord injury developed chronic 
allodynia, which may be due to different levels of en¬ 
dogenous inhibitory control exerted by opioids. Thus, 


systemic or intrathecal naloxone, or selective |x-opioid 
receptor antagonists, can trigger the appearance of typ¬ 
ical allodynia-like responses in non-allodynic, spinally 
inj ured rats (Hao et al. 1998). Finally, the level of endoge¬ 
nous inhibitory control may be set by anti-opioid sys¬ 
tems, such as the neuropeptide cholecystokinin (CCK) 
(Xu et al. 1994). 

Several abnormalities were found in the distribution and 
response characteristics of dorsal horn neurons in the 
chronic allodynic rats (Xu et al. 2002). In the allodynic 
rats, 17% of the units vs. 0% in controls had no recep¬ 
tive field. Most of these units were located at or close to 
the lesioned spinal segment and they discharged spon¬ 
taneously at high frequencies. Furthermore, allodynic 
rats showed a significant change in the relative propor¬ 
tion of low threshold (LT), WDR or high threshold (HT) 
neurons recorded, with fewer LT and more WDR cells 
in allodynic rats than in normal rats. The rate of ongo¬ 
ing activity of HT neurons was significantly higher, and 
the responses to mechanical stimulation were increased 
in allodynic rats. In allodynics, the WDR neurons re¬ 
sponded with higher discharge rates to innocuous me¬ 
chanical stimuli compared to controls, and the percent¬ 
age of WDR and HT neurons showing afterdischarges 
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to noxious pinch was also significantly increased. Fi¬ 
nally, the proportion of WDR and HT neurons respond¬ 
ing to innocuous cold stimulation increased from 53 and 
25%, respectively, in control rats to 91 and 83% in allo- 
dynic animals. Neurons located up to 3 segments rostral 
to the lesion exhibited mechanical and cold hypersensi¬ 
tivity, which supports the presence of allodynia-like be¬ 
havior to mechanical and cold stimuli applied in these 
dermatomes. 

A large number of drugs have been tested in the chonic 
allodynic model (Table 1). Systemic or intrathecal mor¬ 
phine has a weak effect on acute allodynia, which may be 
related to a reduction in the density of p,-opioid receptors 
in the spinal cord after ischemia (Hao et al. 1991; Yu et al. 
1999). In contrast, during chronic allodynia intrathecal, 
but not systemic, morphine was highly effective. The po¬ 
tency of the anti-allodynic effect of intrathecal morphine 
was, however, reduced compared to its antinociceptive 
effect, and there was a rapid development of tolerance 
to the effects of intrathecal morphine in spinally injured 
rats. Thus it is unclear whether monotherapy with in¬ 
trathecal morphine could provide long-term pain relief 
in patients with spinal cord injury pain, as tolerance de¬ 
velopment may present a problem. 

Adenosine is an endogenous purine nucleotide which is 
extensively distributed intra- and extracellularly in the 
nervous system. Activation of spinal adenosine Al re¬ 
ceptors has been shown to produce antinociception. In a 
recent series of studies, we have shown that intrathecal 
R-phenylisopropyladenosine (R-PIA), an adenosine 
Al receptor agonist, effectively alleviated chronic allo¬ 
dynia in spinally injured rats. The antiallodynic effect 
of R-PIA persisted considerably longer than that of 
morphine upon repetitive administration, and there was 
a synergistic interaction between R-PIA and morphine 
(von Heijne et al. 2000). Interestingly, i. t. R-PIA has 
only limited effect against acute allodynia, possibly 
indicating that the strong antiallodynic effect of R-PIA 
against chronic allodynia depends on structural and/or 
functional plasticity after injury. 

There are several other interesting differences between 
the pharmacology of acute and chronic allodynia (Ta¬ 
ble 1). While baclofen is effective in treating acute allo¬ 
dynia (Hao et al. 1991), itis ineffective in chronic allody¬ 
nia (Xu et al. 1992), suggesting that GABAergic mecha¬ 
nisms may not play as important a role in the pathophys¬ 
iology of chronic allodynia as they do immediately after 
injury. Moreover, acute allodynia is sensitive to blockade 
of the AMPA receptor for glutamate (Xu et al. 1993), but 
not the NMDA receptor, whereas the opposite is true for 
chronic allodynia (Hao and Xu 1996). Again, this sug¬ 
gests the involvement of central nervous system plas¬ 
ticity in the mechanisms of chronic pain, for which the 
activation of NMDA receptors may play an important 
role. Systemically applied local anesthetics, such as to- 
cainide and mexiletine, are effective in both conditions 
(Xu et al. 1992). 


Two drugs were recently tested that may offer new ap¬ 
proaches to treat central pain following spinal cord in¬ 
jury (Table 1). One is the highly selective 5-HT1A re¬ 
ceptor agonist F 13640, which was effective in revers¬ 
ing chronic allodynia, possibly through the mechanism 
of inverse tolerance. The second is gabapentin, a drug 
that has been shown to be useful in treating some neuro¬ 
pathic pain conditions. Thus, the ischemic spinal injury 
model may be useful for testing the efficacy of potential 
analgesics for the treatment of neuropathic central pain. 
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Synonym 

Excitotoxic Model 

Definition 

Loss of sensory and motor function are considered 
the most significant consequences of spinal cord injury 
(SCI). The condition of pain, however, is also associated 
with SCI and has a direct relationship with the ability 
of spinal injured patients to regain their optimal level of 
activity. Pain associated with SCI is typically perceived 
in anesthetic regions below the level of injury and is 
usually bilateral. It is often referred to as deafferentation 
pain, dysesthetic pain or central dysesthesia syndrome. 
The significance of SCI pain was revealed in a postal 
survey, in which 11 % of those responding reported pain, 
rather than loss of motor function, stopped them from 
working (Rose et al. 1988). The functional impact of 
pain following SCI is demonstrated by results of a study, 
reporting 37% of SCI patients with high thoracic and 
cervical lesions would be willing to trade pain relief for 
loss of bladder, bowel or sexual function (Nepomuceno 
et al. 1979). The difficulty of dealing with SCI pain was 
examined by Widerstrom-Noga et al. (1999), and they 
found that the difficulty of dealing with chronic pain 
was only surpassed by the decreased ability to walk or 
move, loss of sexual function and decreased ability to 
control bladder and bowel function. 

Although it is difficult in many studies to allocate pain 
types to specific categories, it appears that of all the 
types of SCI pain, below-level neuropathic pain is the 


most common and the most difficult to treat (Finnerup 
et al. 2002). Other types of pain associated with SCI in¬ 
clude at-level and above-level pain syndromes (Siddall 
et al. 2000). 

Simulation of injury-induced elevations of excitatory 
acids (EAA) can be achieved by intraspinal microinjec¬ 
tion of EAA receptor agonists. These injections initiate 
a cascade of neurochemical, excitotoxic, inflamma¬ 
tory, and physiological events leading to the onset of 
spontaneous and evoked pain behaviours. These be¬ 
havioural and pathophysiological events characterize 
the excitotoxic model of spinal injury. 

Experimental Models of Spinal Cord Injury 

In recent years a number of experimental models have 
been used to study spinal cord injury (SCI) (Yezier¬ 
ski 2002). All of these models have distinctive charac¬ 
teristics related to a critical component of the primary 
injury (e.g., trauma or ischemia). In studies related 
to mechanisms of injury induced abnormal sensation, 
including pain, the photochemical (Xu et al. 2002) and 
hemisection (Hulsebosch 2002) models have provided 
important information regarding the pathophysiol¬ 
ogy and pharmacology of these sensory changes. The 
weight drop or contusion model, which is the oldest 
and most widely used model of SCI, has also been used 
in studies related to altered sensation following injury 
(Siddall et al. 1995). A final approach in the study of 
injury-induced abnormal sensation, involves the use 
of selected spinal lesions simulating the mechanical 
damage to ascending and descending pathways associ¬ 
ated with spinal injury (Vierck and Light 2002). These 
different experimental strategies all produce patholog¬ 
ical and/or behavioral changes associated with human 
SCI, and, therefore, provide an opportunity to study 
the spinal and supraspinal mechanisms responsible for 
the condition of injury-induced pain. Examples of the 
pathological changes observed with different models 
of SCI compared to the human condition are shown in 
Figure 1. 

The Excitotoxic Model of Spinal Cord Injury 

In recent years, substantial evidence has been reported 
supporting the involvement of glutamate as a major con¬ 
tributor to the tissue damaging effects of SCI. For this 
reason, glutamate is viewed as one of several putative 
chemical mediators contributing to a ’central cascade’ 
of secondary pathological changes following spinal in¬ 
jury. In an effort to evaluate the contribution of different 
glutamate receptor subtypes to the pathophysiology of 
SCI, a series of studies was undertaken in which NMDA 
and non-NMDA receptor agonists were microinjected 
into the rat spinal cord (Yezierski 2002). In these stud¬ 
ies the intraspinal injection of quisqualic acid (QUIS) 
resulted in cell death and the formation of spinal cavi¬ 
ties; similar results have been obtained with injections of 
NMDA. From these initial observations the excitotoxic 
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Spinal Cord Injury, Excitotoxic 
Model, Figure 1 Examples of 
histological sections from spinal cords 
that underwent contusion (WEIGHT 
DROP), vasoconstriction (ISCHEMIC), 
ischemia (PHOTOCHEMICAL), and 
chemical (EXCITOTOXIC) injuries. 

The objective of each of these 
experimental models is to simulate 
different components of the human 
condition using features (e.g. trauma, 
vascular, chemical) known to be 
involved in producing primary and/or 
secondary tissue damage. Sections 
from the rat spinal cords were 
taken 3-6 weeks after injury, while 
the human sample was obtained 
15 years after contusion injury. 
(Reprinted with permission from 
Yezierski 2002). 


model of SCI was developed, in an effort to study the 
well documented injury induced elevation of EAAs. The 
precision of the intraspinal injection technique makes 
it possible to evaluate the physiological and behavioral 
consequences of simulating small elevations in the con¬ 
centration of specific glutamate agonists. Importantly, 
initial studies with this model also revealed a significant 
relationship between excitotoxic cell loss and the emer¬ 
gence of spontaneous and evoked pain behaviors, com¬ 
monly associated with models of chronic neuropathic 
pain. Over the past 10 years the excitotoxic model has 
been used to investigate the pathophysiological, molec¬ 
ular and behavioral consequences initiated by the tran¬ 
sient increase in spinal levels of EAAs (Yezierski 2002). 
The clinical relevance of this model is supported by the 
fact that all of the pathological changes associated with 
it are part of the sequella associated with human SCI, 
and similar to those described following ischemic and 
traumatic injury in rats. 

Initial studies using the excitotoxic model showed 
pathological findings following QUIS injections be¬ 
lieved to be initiated by cellular events associated with 
► excitotoxicity; overstimulation of glutamate recep¬ 
tors. More recent studies, however, have revealed that 
contributions from other components of a central injury 
cascade associated with SCI cannot be ignored. For 
example, a detailed study of the inflammatory com¬ 
ponent of the QUIS injury model has also shown that, 
following QUIS injections, there is an upregulation of 
mRNA for cytokines (IL-lp, TNF-o), COX-2, iNOS 
as well as the death inducing ligands TRAIL and CD-95 
(Plunkett et al. 2001). Therefore, the excitotoxic model, 
originally developed to study the temporal profile of 
pathological consequences following injury-induced 
elevations of EAAs, led to the discovery of an interre¬ 


lationship between excitotoxic and other components 
of a secondary injury cascade, as well as a link with the 
spinal mechanisms responsible for the onset of injury- 
induced abnormal sensation and pain related behaviors 

(Fig. 2). 


Characteristics 


Behavioral Consequences of Excitotoxic Spinal Injury 
Mechanical and Thermal Hypersensitivity 

A significant observation following QUIS injections is 
the onset of mechanical and thermal allodynia. In this 
evaluation baseline responses were elicited by stimulus 
intensities of 10-35g (mean baseline value 21,0±9.8g). 
Following QUIS injections, stimulus intensities were 
significantly lower (1.5-8.Og) than pre-injection values 
(Fig. 3). The time course for the onset of mechanical 
allodynia was 10-12 days. The fact that significant ef¬ 
fects (relative to baseline) were observed throughout the 
post-injury evaluation period (with no signs of recov¬ 
ery), underscores the chronic nature of the behavioral 
effect (Yezierski et al. 1998). 

Responses to a thermal detection task were evaluated 
in the same animals undergoing mechanical testing. 
Differences in responses to thermal stimulation were 
found starting approximately 10-12 days post-QUIS 
injections, and lasted throughout the evaluation period 
of 34 days (Fig. 3). As with mechanical stimulation, 
thermal stimuli were delivered to the glabrous skin of 
the hind paws in animals receiving QUIS injections in 
spinal segments T12-L2. Thus, responses reflecting 
a hypersensitivity to thermal stimulation were ob¬ 
served in dermatomes remote from those represented 
by segments receiving QUIS injections (Yezierski et 
al. 1998). 


s 
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Spinal Cord Injury, Excitotoxic Model, Figure 2 Summary of the major components of the spinal central injury cascade that are believed to be 
responsible for the onset and progression of at-level and below-level pain following ischemic or traumatic spinal injury. Evidence supporting the basic 
concept of this cascade follows from results of clinical studies, as well as those obtained from the use of ischemic, lesion, contusion, and excitotoxic 
models of spinal cord injury. The four major components of the cascade (neurochemical, excitotoxicity, anatomical and inflammation) are represented 
as being interactive, and collectively lead to changes in the physiological state of spinal and supraspinal neurons. The end result of this cascade is 
the onset of clinical symptoms, e.g. allodynia, hyperalgesia, and pain. Abbreviations: EAAs, excitatory amino acids; Sub P, substance P; cGMP, cyclic 
guanidine monophosphate; NO, nitric oxide; NF-kB, nuclear factor kappa B; PKC, protein kinase C; TNF, tumor necrosis factor; IL-lp, interleukin—1P; 
PLA2, phospholipase A2; NOS, nitric oxide synthase; COX-2, cyclooxygenase-2; RF, receptive field. (Reprinted with permission from Yezierski 2000). 


Excessive Grooming Behavior 

Excessive grooming behavior is a self-directed behavior 
that begins 10-15 days post-injury, with excessive bit¬ 
ing and scratching of the skin, continues with removal of 
hair, and can progress to the extent where there is dam¬ 
age to the superficial layers of skin. Excessive groom¬ 
ing behavior is a progressive condition, and therefore a 
classification scheme for different phases of this behav¬ 
ior was developed: (a) Class I: hair removal over con¬ 
tiguous portions of a dermatome; (b) Class II: extensive 
hair removal combined with signs of damage to the su¬ 
perficial layers of skin; (c) Class III: hair removal and 
damage to dermal layers of skin; and (d) Class IV: subcu¬ 
taneous tissue damage (experiment terminated). It is of 
interest that clinically, pain in paraplegia is also referred 
to peripheral dermatomes corresponding to spinal seg¬ 
ments at or below the site of injury. Of special interest 
in QUIS injected animals is the parallel between the de¬ 


layed onset of excessive grooming and a similar tempo¬ 
ral profile of ► central pain in patients with SCI. Injury 
induced changes following QUIS injections are there¬ 
fore believed to be part of a progression of altered sen¬ 
sations related to the clinical condition of central pain. 
Excessive grooming behavior has been proposed as a 
model of ► at-level pain associated with SCI (Yezier¬ 
ski 2002). 

Excessive grooming behavior is correlated with a lesion 
sparing the superficial lamina of the dorsal horn, and is 
viewed as a variant of the well described “deafferenta- 
tion autotomy” (Yezierski et al. 1998). Support for the 
conclusion that ectopic activity in the superficial dorsal 
horn may contribute to this behavior, was found in ani¬ 
mals with injections selectively eliminating different re¬ 
gions of the gray matter. Figure 4A shows a cord where 
the superficial region and neck of the dorsal horn on the 
side of injection were eliminated, and this animal did not 
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Mechanical Test 



Days 


Thermal Test 



Spinal Cord Injury, Excitotoxic Model, Figure 3 Responses to 
mechanical and thermal stimuli delivered to the hind paws. Animals 
were pre-tested over a period of 7-10 days prior to receiving 
intraspinal injections of 125mM quisqualic acid (QUIS). Animals 
received unilateral injections (1.2p,l) directed at the dorsal horn 
and intermediate gray (right side) in spinal segments ranging from 
T12-L2. Post-injection testing commenced 10 days after surgery, 
and continued for a period of 34 days, (a) Results of testing with 
mechanical stimuli delivered to the hind paws ipsilateral and 
contralateral to the side of QUIS injections. During post-injection 
testing there was a significant decrease in stimulus intensity required 
to elicit withdrawal responses (bilaterally). Each point on the graph 
represents the mean threshold for all animals (n=10) on each day 
of testing. Error bars represent standard errors around the mean. 
Stimulus intensity in grams is represented on the y-axis and days pre- 
and post-injection on the x-axis. Statistical comparisons were made 
between the mean pre-injection baseline value and data obtained on 
each day of post-injection testing: *, triangle = P<0.05 and **, double 
triangle = P<0.01. (b) Results of the Paw Flick test assessing the 
sensitivity to a radiant heat stimulus delivered to the hind paws (same 
group of animals as tested in (a)). During post-injection testing there 
was a significant decrease in withdrawal latencies to the thermal 
stimulus (bilaterally). Each point on the graph represents the mean 
of all trials (n=3) for all animals (n=10) on each day of testing. Error 
bars represent standard errors around the mean. Time in seconds 
is represented on the y-axis and days on the x-axis. Statistical 
comparisons were made between the mean pre-injection baseline 
value and data obtained on each day of post-injection testing: *, 
triangle = P<0.05 and **, double triangle = P<0.01. (Reprinted with 
permission from Yezierski et al. 1998). 


s 


exhibit excessive grooming behavior. By contrast, the 
pattern of neuronal loss in Figure 4B included the neck 
of the dorsal horn, with sparing of the superficial region. 
This animal exhibited excessive grooming behavior ip¬ 
silateral to the side of injury. This pattern of neuronal loss 
is referred to as:’’grooming-type damage”. Examples of 
grooming-type damage are also shown in Figure 4C-F. 
Efforts to systematically characterize events contribut¬ 
ing to the onset and progression of excessive grooming 
were carried out in three different strains of male rats 
(Gorman et al. 2001): Sprague-Dawley (SDM); Long 
Evans (LEM); and Wistar Furth (WFM) rats. Dif¬ 
ferences in grooming characteristics between male 
and female rats, and the modulatory effects of female 
gonadal hormones were also evaluated in Sprague- 
Dawley females (SDF); bilaterally ovariectomized 
Sprague-Dawley females (OVX); and SDM’s treated 


with either 17-ff-estradiol (SDM-Est) or progesterone 
(SDM-Pro). The results showed that the development 
of excessive grooming behavior in males and ovariec¬ 
tomized females is related to the rostrocaudal spread 
of a specific pattern of neuronal loss. The onset, sever¬ 
ity, and progression of excessive grooming in OVX 
females, was similar to that found in SDM’s. Fur¬ 
thermore, estradiol treated SDM’s developed severe 
grooming characterized by early onset, while proges¬ 
terone treatment delayed the onset of grooming and 
attenuated its severity and progression. Strain-related 
differences were also observed with WFM’s exhibiting 
more aggressive grooming than SDM’s or LEM’s. The 
results of this study showed that gender, strain and 
gonadal hormones influence the onset and progression 
of excessive grooming behavior following excitotoxic 
SCI (Gorman et al. 2001). 
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Spinal Cord Injury, Excitotoxic Model, Figure 4 Patterns of neuronal loss following intraspinal injection of 125mM quisqualic acid (QUIS). All injections 
were made on the right side of the spinal cord, (a) Neuronal loss throughout the dorsal horn following injection of 0.6p,l of QUIS at a depth of 300 pm in 
spinal segment L2 (survival period 30 days), (b) Grooming-type damage represented by neuronal loss in the neck of the dorsal horn (arrows) following 
injection of 0.6 pi of QUIS at a depth of 900pm in spinal segment T13 (survival period 32 days), (c) Neuronal loss throughout the dorsal horn (ipsilateral 
to injection) and in the neck of the dorsal horn (arrows) contralateral to injection site (L4) where 1.2 pi of QUIS was injected at depths of 600 pm and 
1200 pi (survival period 18 days). The pattern of neuronal loss contralateral to injection represents grooming-type damage, (d) Bilateral grooming-type 
damage represented by neuronal loss in the dorsal horn partially sparing the superficial lamina (arrowheads) following injection of 1.2 pi of QUIS at 
depths of 600 pm and 1200 pm in spinal segment T13 (survival period 34 days), (e) Bilateral grooming-type damage represented by neuronal loss 
throughout the neck of the dorsal horn following injection of 1.2 pi of QUIS at depths of 600 pm and 1200 pm in spinal segment LI (survival period 
27 days). Note partial and complete sparing of the superficial lamina (arrowheads) ipsilateral and contralateral, respectively, to injection site, (f) Bilateral 
grooming-type damage represented by neuronal loss below the superficial lamina ipsilateral and contralateral following injection of 1.2 pi of QUIS at 
depths of 600 pm and 1200 pm in spinal segment L3 (survival period 28 days). Note: sparing of superficial lamina (arrowheads) contralateral and 
ipsilateral to the site of injection. Scale bar in (e) equals 190 pm in a-c, e-f and 320 pm in d. (Reprinted with permission from Yezierski et al. 1998). 


In conclusion there are three important similarities be¬ 
tween excessive grooming behavior, and the well doc¬ 
umented clinical condition of at-level pain in patients 
with spinal injury: (a) delayed onset; (b) spontaneous 
nature; and (c) dermatomal distribution relative to site 
of injury. The delayed onset of excessive grooming 
behavior suggests the neural mechanism is not simply 
an inhibitory release phenomenon, but instead requires 
significant changes (over time) in the functional state 
of spinal (and possibly supraspinal) sensory neurons. It 
is hypothesized that this behavior may be due to a loss 
of spinal inhibitory neurons, thus creating an imbal¬ 
ance between normal gating and biasing mechanisms 
within spinal and supraspinal somatosensory pathways 
(Vierck et al. 2000). Combined with a loss of seg¬ 
mental and/or supraspinal inhibitory influences, spinal 
neurons become hyperactive, and these focal pattern 


generators are responsible for producing paraesthetic 
and/or dysesthetic sensations referred to the affected 
dermatome. 

Spatial Profile of Spinal Cord Damage Required for the Onset 
of Pain Behaviors following Excitotoxic Spinal Injury 

Initial studies evaluating the behavioral consequences 
of QUIS-induced spinal injury gave little attention to 
the longitudinal extent of neuronal loss required to 
produce these behaviors. While it is acknowledged that 
the cellular and molecular events accompanying injury 
are undoubtedly important in inducing pain behaviors, 
the question was asked if the longitudinal extent over 
which neurons are affected by the injury process is 
also important. To answer this question, an analysis of 
the longitudinal distribution of grooming-type damage 
was carried out in animals with and without excessive 
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Spinal Cord Injury, Excitotoxic 
Model, Figure 5 Hypothetical 
progression of the central injury 
cascade from the epicenter (EPI) of 
an ischemic, traumatic or excitotoxic 
insult to the spinal cord. In this 
model, the extent of injury and/or 
the area of cord influenced by 
different components of the injury 
cascade expand to include 2" and 
3‘ areas of injury. If left untreated 
the amount of cord damage will 
continue to expand until it exceeds 
the threshold required for the onset 
of pain behavior. (Reprinted with 
permission from Yezierski 2000). 


grooming behavior. The results demonstrated a clear 
relationship between a critical extent of damage along 
the rostrocaudal axis of the cord, and the onset of this 
spontaneous pain behavior. In animals with injury in¬ 
duced grooming behavior, grooming-type damage was 
in excess of 5000|xm. By contrast, damage in non¬ 
grooming animals was less than 4000|im. Based on 
these data, a hypothetical model of tissue damage versus 
pain behavior was proposed (Fig. 5). In this model there 
is a gradual progression of cord damage away from the 
injury epicenter. As the injury evolves, the extent of 
tissue damage exceeds a critical threshold, triggering 
the onset of pain behaviors. This model suggests that 
it is not only the secondary injury cascade that is re¬ 
sponsible for the onset of central pain following spinal 
injury, but also important is the longitudinal extent over 
which events in this cascade spread throughout the 
cord. 

The above hypothesis was tested in a study where QUIS 
injured animals were administered intraperotineal in¬ 
jections of the NMDA antagonist and NOS inhibitor 
agmatine (Yu et al. 2003). Following administration of 
agmatine, administered at the time of QUIS injury, there 
was a significant delay in the onset of excessive groom¬ 
ing behavior. Furthermore, following a 14 day treatment 
with agmatine after the onset of excessive grooming 
behavior, the final area of skin involvement targeted for 
excessive grooming was significantly reduced, and the 
severity of grooming behavior was significantly lower. 
Interestingly, the longitudinal extent of grooming type 
damage was also significantly less than in animals 
treated with saline. Neuroprotective effects similar to 
those with agmatine have also been obtained with the 
potent anti-inflammatory IL-10 (Yu et al. 2003). The 
results of this evaluation showed that IL-10 signifi¬ 
cantly reduced the onset time and area of excessive 
grooming behavior following QUIS injections. The 


fact that agmatine and IL-10 can be used effectively as 
preventive treatments for injury-induced pain behav¬ 
iors, underscores the importance of this intervention as 
a preemptive strategy of pain management for patients 
predisposed to progressive tissue damage in the spinal 
cord (e.g. syringomyelia, spinal cord injury). 

Further studies related to evaluating the “neuropro¬ 
tective hypothesis” of preventing the onset of spinal 
injury pain behaviors was evaluated using the immuno¬ 
suppressant cyclosporin A. In a ‘prevention protocol’ 
beginning thirty minutes post-injection of QUIS, rats 
were divided into three groups: (1) QUIS+saline; and (2) 
QUIS+CsA. In a ‘treatment protocol’ beginning after 
the onset of QUIS-induced excessive grooming, animals 
were randomly divided into three groups: (1) groom- 
ing+saline; and (2) grooming+CsA. The results of this 
study showed in the ‘prevention protocol’ CsA delayed 
the onset of excessive grooming, reduced grooming 
area, reduced grooming severity, and reduced neuronal 
loss in the spinal cord compared to saline-treated ani¬ 
mals (Yu et al. 2003). Treatment of excessive grooming 
behavior with CsA significantly reduced grooming area, 
grooming severity, and neuronal loss in the spinal cord 
compared to saline treatment. The conclusion from this 
study was that systemic administration of CsA signif¬ 
icantly delayed the onset and reduced the progression 
of a spontaneous pain-related behavior. The results of 
the above studies have shown that there is a critical 
distance of neuronal loss along the longitudinal axis of 
the cord, which when exceeded, leads to the expression 
of a pain related behavior. Interventions which limit 
the spread of neuronal loss result in the prevention or 
delayed onset of these behaviors. The above studies 
support the “neuroprotective hypothesis” of SCI pain, 
and point to the possibility that using neuroprotective 
strategies, targeting specific components of the spinal 
injury cascade that interfere with death inducing events, 


s 
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may be useful in the prevention or treatment of pain 
conditions associated with SCI. 

Functional Correlates of Behavioral Changes following Excito¬ 
toxic Spinal Cord Injury 

Evaluation of the neural correlate of QUIS induced 
behavioral changes was undertaken by examining the 
functional properties of dorsal horn neurons, including 
cells belonging to the projection system from the spinal 
cord to the mesencephalon, i.e. spinomesencephalic 
tract (SMT). Supportive of a spinal mechanism for the 
evoked and spontaneous behavioral changes following 
QUIS injections, was the finding that spinal wide dy- 
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Spinal Cord Injury, Excitotoxic Model, Figure 6 Post-stimulus time his¬ 
tograms showing the responses of two WDR neurons to graded intensities 
of mechanical stimuli. Cells were recorded in uninjected (a) and quisqualic 
acid-injected (b) animals, (a) Response profile of a WDR neuron recorded 
in the dorsal horn of spinal segment L3 (inset). Mechanical stimuli deliv¬ 
ered to the receptive field on the foot included brush (BR), light pressure 
(PR), pinch (PI), and noxious squeeze (SQ). Note increased magnitude of 
response with increased intensity of stimulation. This cell had no sponta¬ 
neous activity or afterdischarge response following removal of a stimulus, 
(b) Response profile of a WDR neuron recorded in the dorsal horn of spinal 
segment L4 (inset) caudal to an excitotoxic injury site located in LI-2. Note 
the presence of background activity, response magnitude to each stim¬ 
ulus condition (compared to cell in a), and the afterdischarge responses 
that continued following removal of each stimulus. Time in seconds is 
represented on the x-axis and spikes/sec on the y-axis. (Reprinted with 
permission from Yezierski 1996). 


namic range neurons adjacent to the injury site undergo 
significant functional changes, including a shift to the 
left in the stimulus-response function, an increase in 
the level of background activity, and an increase in 
the duration of afterdischarge responses following re¬ 
moval of a stimulus (Yezierski and Park 1993). These 
changes appeared within 3-7 days of injury, and were 
especially prevalent in animals following the onset of 
excessive grooming behavior. Afterdischarges lasting 
5-15 minutes, and “wind-up” of background discharges 
with repeated stimulation, were novel characteristics 
of neurons in QUIS injected animals (Fig. 6). The fact 
that these changes were observed in cells belonging to 
the SMT, support the notion of a possible surpraspinal 
component to the observed pain behaviors. Changes in 
the response characteristics of spinal neurons, similar 
to those observed following QUIS injuries, have been 
reported for cells following ischemic and hemisection 
injury of the spinal cord. The increased excitability, 
bursting discharges, and long afterdischarge responses 
of neurons in QUIS-injected animals, are reminiscent 
of the abnormal functional characteristics of neurons 
recorded in patients with chronic pain following SCI. 
Elimination of this activity by computer assisted DREZ 
(dorsal root entry zone) results in a significant reduction 
of spontaneous pain (Falci et al. 2003). 

Supraspinal Changes associated with Excitotoxic Spinal Cord 
Injury 

Efforts to evaluate supraspinal changes associated with 
excitotoxic injury were carried out, to evaluate whether 
injury induced changes extend to sites remote from 
the site of injury. Changes at supraspinal sites could 
potentially contribute to the central mechanism respon¬ 
sible for the onset and progression of injury induced 
pain behaviors. The studies carried out included an 
evaluation of changes in forebrain blood flow (Mor¬ 
row et al. 2000), and evaluation of opiate transmitters 
in selected supraspinal sites (Abraham et al. 2001). 
In the study by Morrow et al. (2000), significant in¬ 
creases in regional cerebral blood flow were found 
in 7/22 supraspinal structures examined, including the 
arcuate nucleus, hindlimb region of SI cortex, parietal 
cortex and the thalamic posterior, ventral posterior 
medial and lateral nuclei. Work from Brewer and col¬ 
leagues focused on an examination of changes in pep¬ 
tidergic transmitter systems at spinal and supraspinal 
levels following excitotoxic SCI (Abraham et al. 2001). 
Preproenkephalin (PPE) and preprodynorphin (PPD) 
expression was shown to increase in cortical regions as¬ 
sociated with nociceptive function; PPE in the cingulate 
cortex and PPD in the parietal cortex, both ipsilateral 
and contralaterally at various time-points following in¬ 
jury. The increases in PPD were significant in animals 
that developed excessive grooming behaviors versus 
those that did not. PPE expression in the anterior cin¬ 
gulate cortex and PPD expression in the contralateral 
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parietal cortex were significantly higher in grooming 
versus non-grooming animals. All of these structures 
are associated with the processing of somatosensory in¬ 
formation. The important conclusion from these reports 
is that following injury to the spinal cord there are sig¬ 
nificant changes at selected supraspinal sites, including 
somatosensory structures putatively involved in pain 
processing. These results are consistent with a recent 
report in humans using proton magnetic resonance 
spectroscopy, showing changes in the concentration of 
selected metabolites in SCI patients with pain (Pattany 
et al. 2002). 

In conclusion, the results of the excitotoxic model de¬ 
scribed above support the general scheme that, follow¬ 
ing spinal injury, there are neurochemical, anatomical, 
molecular, and physiological changes that collectively 
constitute a central injury cascade responsible for the 
development of clinical symptoms, i.e. altered sensory 
(and motor) function. It is noteworthy, that many of the 
changes described following excitotoxic injury parallel 
descriptions of events thought to be responsible for the 
development of neurogenic pain following peripheral 
nerve and tissue injury. Although there may be subtle 
differences in specific components of the central cas¬ 
cade responsible for neurogenic versus central pain, it 
is difficult to ignore the similarities between the end 
result, i.e. pain, and the involvement of neurochemical, 
excitotoxic, anatomical, and physiological changes 
proposed for both central and peripheral pain. These 
similarities suggest that the central responses brought 
on by peripheral injury, and which underlie the onset of 
neurogenic pain, should not be overlooked in the search 
for a central mechanism of pain following spinal injury. 
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I- 

Spinal Cord Laminae 

Definition 

Cytoarchitecturally differentiated regions of the spinal 
cord (described by Rexed). 

► Stimulation-Produced Analgesia 

I- 

Spinal Cord Nociception and CGRP 

► CGRP and Spinal Cord Nociception 
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I- 

Spinal Cord Nociception, Encoding of 
Noxious Stimuli 

► Encoding of Noxious Information in the Spinal Cord 

I- 

Spinal Cord Nociception, Glutamate 
Receptor (Metabotropic) 

► Metabotropic Glutamate Receptors in Spinal Noci¬ 
ceptive Processing 

I- 
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Synonym 

Spinal nociceptive processing, neurotrophins; Neu¬ 
rotrophins in Spinal Cord Nociception 

Definition 

The ► neurotrophins are a family of polypeptides, 
namely nerve growth factor (► NGL), neurotrophin 3 
(► NT-3), NT-4 and brain derived neurotrophic factor 
(► BDNL). Peripheral sensory neurones require the 
neurotrophins produced by peripheral target tissue for 
survival during embryonic life. Then in adulthood, 
the neurotrophins can influence the morphology, ex¬ 
citability and synaptic plasticity of sensory neurones 
expressing their high affinity receptors. These receptors 
are tropomyosin receptor kinases (Trk’s) coupled to a 
tyrosine kinase domain, TrkA, TrkB and TrkC and bind 
NGL, BDNL and NT4/5 and NT-3, respectively. 

Characteristics 

The first pain synapse is formed between the central 
terminal of primary sensory neurones (pre-synaptic 
element) and second order neurones in the dorsal horn 
of spinal cord (post-synaptic element). The strength 
of this synapse is plastic and modifiable and it is now 
well established that neurotrophic factors are strong 
regulators of synaptic efficacy. 

Primary sensory neurones are pseudo-unipolar cells 
that have cell bodies in the dorsal root ganglia (► DRG) 
and send their axons centrally to the dorsal horn of the 
spinal cord and peripherally to the skin and internal 
tissues. Sensory neurones can be broadly divided into 
two groups. Lirst, neurones with a large cell body di¬ 
ameter and large myelinated axons. These respond to 
low threshold innocuous stimuli applied to peripheral 
tissues and their central axons terminate in the deeper 
laminae of the spinal cord. These neurones mainly 


express TrkC and TrkB receptors and do not express 
peptides under normal circumstances. The second group 
includes neurones with a small cell body diameter and 
mostly unmyelinated axons. These cells are nearly all 
nociceptors and the central axons terminate in the super¬ 
ficial layers of the spinal cord. Many of these neurones 
contain peptides and a subpopulation of these small 
diameter sensory neurones expresses the TrkA receptor 
for NGL and expresses neurotrophins (McMahon et al. 
1994; Michael et al. 1997) (Lig. 1). 

Neurotrophic factors can regulate spinal nociceptive 
processing at the first synapse in the dorsal horn in 
two main ways. Lirstly, if synthesised and released 
by primary sensory neurones they will directly mod¬ 
ulate synaptic efficacy. Secondly, neurotrophins can 
indirectly modulate synaptic strength by regulating the 
expression and release of transmitters/ modulators of 
the first pain synapse. 

Nerve Growth Factor 

NGL indirectly regulates the synaptic function of sen¬ 
sory neurone terminals in the dorsal horn by maintaining 
or stimulating the expression of excitatory peptides, 
receptors and neurotrophins in TrkA-expressing neu¬ 
rones. The high affinity receptor for NGL, TrkA, is 
expressed in the superficial laminae of the dorsal horn 
where it is found on the central terminals of some un¬ 
myelinated fibres that also express ► substance P (SP), 
calcitonin gene-related peptide (► CGRP) and BDNL. 
However, NGL does not directly modulate the activity 
of the central terminals of sensory neurones (Malcangio 
et al. 1997). Intrathecally-injected NGL does not mod¬ 
ify the rat nociceptive threshold unless administered 
for 6-9 days, when it induces thermal hyperalgesia 
and increases sensory neurone transmitter content and 
consequently activity-induced release (Malcangio et al. 
2000). In contrast, systemically administered NGL in¬ 
duces thermal hyperalgesia in rats very rapidly (Lewin 
andMendell 1993). Endogenous NGLproduced periph¬ 
erally in the skin can sensitise the peripheral terminals 
of sensory neurones (e.g. in inflammation). Exoge¬ 
nous NGL induces hypersensitivity to thermal and 
mechanical noxious stimuli and sensitises the response 
of sensory neurones to capsaicin. Thermal hyperalge¬ 
sia develops quickly and is maintained for days. It is 
sympathetically maintained and depends on peripheral 
mechanisms involving degranulation of mast cells and 
spinal cord mechanisms involving the ► NMDA recep¬ 
tor as well as the regulation of the content/release of 
nociceptive neuromodulators from sensory neurones. 
NGL-induced mechanical hyperalgesia seems to be in¬ 
dependent of mast cell degranulation or central NMDA 
receptor sites. Endogenous NGL levels rise in inflam¬ 
matory conditions. Reduction in endogenous NGL 
levels following systemic treatment with ► TrkA-IgG, 
which sequesters peripherally produced NGL, induces 
hypoalgesia and reduces inflammatory pain (McMahon 
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Spinal Cord Nociception, Neu¬ 
rotrophins, Figure 1 Peripherally 
produced neurotrophins are 
retrogradely transported to the dorsal 
root ganglia by sensory neurons 
expressing Trk receptors. BDNF 
is also expressed by nociceptive 
neurons along with SP and CGRP. 


et al. 1995). However, endogenous NGF levels decrease 
in peripheral neuropathies (e.g. diabetic neuropathy) 
and NGF supplementation can be anti-hyperalgesic in 
neuropathic pain conditions (McMahon and Priestley 
1995). 

Neurotrophin 3 

Unlike NGF, NT-3 can acutely modulate sensory neu¬ 
rone transmission in the dorsal horn, where NT-3 inhibits 
activity-induced neuropeptide release from sensory neu¬ 


rone terminals. This effect is mainly indirect since trkC 
receptors are not found in peptidergic neurones. NT-3 
intrathecally or intraplantarly delivered does not mod¬ 
ify thermal thresholds (Shu et al. 1999; Malcangio et 
al. 2000). The effects of systemic NT-3 on nociceptive 
thresholds include short-lasting thermal and mechani¬ 
cal hyperalgesia (Malcangio et al. 1997). However, ac¬ 
tivation of more than one Trk receptor by NT-3 makes 
it difficult to interpret the effect of this neurotrophin on 
sensory mechanisms. 



Spinal Cord Nociception, 
Neurotrophins, Figure 2 pERK 
labelling increases in mouse 
dorsal horn after application of 
BDNF-releasing stimulus to the 
attached dorsal roots, (a) control 
tissue, (b) stimulated tissue 
(300-pulses at 100~Hz, 10~mA, 
0.5~ms). Scale bar =122~p,m. (c) 

In the dorsal horn, BDNF released by 
nociceptive neurone terminals binds 
trkB postsynaptically and contributes 
to synaptic plasticity. TrkB activation 
promotes activation of ► ERK MAP 
kinase) directly and <Emphasis 
Type="ltalic">via</Emphasis> 
NMDA receptor facilitation (Lever et 
al. 2003). 
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Brain Derived Neurotrophic factor 

BDNF is unique amongst the neurotrophins in that it is 
constitutively synthesised by sensory neurones. Unlike 
NGF, BDNF can directly modulate nociceptive process¬ 
ing in the dorsal horn (Pezet et al. 2002; Malcangio and 
Lessmann 2003). 

Although peripherally produced BDNF can be ret- 
rogradely transported by sensory neurones expressing 
TrkB receptors, target-derived BDNF represents a small 
fraction of the total BDNF within the DRG. BDNF is 
found along with SP and CGRP in a subpopulation 
of sensory neurones that is sensitive to NGF (Michael 
et al. 1997). BDNF is synthesized in the dorsal root 
ganglia, packaged in vesicles and anterogradely trans¬ 
ported to the central terminals of sensory neurones in 
the superficial laminae of the dorsal horn. Here BDNF 
can be released by certain noxious stimuli that produce 
bursting activity in nociceptive fibres (Lever et al. 2001) 
and binds its high affinity TrkB receptors, functioning 
to modulate nociceptive transmission (Garraway et al. 
2003; Lever et al. 2003) (Fig. 2). BDNF content in 
sensory neurons is up-regulated in inflammatory states, 
and the activation of TrkB receptors in the dorsal horn 
by endogenous BDNF appears to contribute to the hy¬ 
peralgesia associated with peripheral inflammation via 
facilitation of NMD A receptor activation (Kerr et al. 
1999, Garraway et al. 2003). In neuropathic rat models, 
BDNF undergoes changes in injured and uninjured sen¬ 
sory neurons. Whether de novo expressed/up-regulated 
endogenous BDNF contributes to spinal nociceptive 
processing has not been definitively proved (Malcangio 
and Lessmann, 2003). However, intrathecal injection of 
BDNF in neuropathic rats transiently reversed thermal 
hyperalgesia via release of ► GABA in the dorsal horn 
and over-expression of BDNF in the spinal cord of 
neuropathic rats can alleviate chronic neuropathic pain 
(Eaton et al. 2002). 

Therefore BDNF may be pro- or anti-nociceptive de¬ 
pending on circumstances e.g. inflammatory versus neu¬ 
ropathic pain conditions. 
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I- 

Spinal Cord Segmental Level 

Definition 

A certain part of the spinal cord supplying a segment 
of the body with sensory nerves (conducting e.g. pain 
impulses). 

► Cancer Pain Management, Anesthesiologic Interven¬ 
tions, Neural Blockade 


I- 

Spinal Cord Stimulation 

Definition 

Chronic electrical stimulation of the spinal cord through 

an epidural electrode attached to an implanted pulse gen¬ 
erator, a common minimally invasive technique for treat¬ 
ment of chronic pain. 

► Cancer Pain Management, Anesthesiologic Interven¬ 
tions, Spinal Cord Stimulation, and Neuraxial Infu¬ 
sion 

► Complex Regional Pain Syndrome and the Sympa¬ 
thetic Nervous System 

► Deep Brain Stimulation 

► Pain Treatment, Motor Cortex Stimulation 

► Pain Treatment, Spinal Cord Stimulation 
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I- 

Spinal Dorsal Horn 

Definition 

Spinal structure mediating sensory inputs from the so¬ 
matic distributions to the spinal cord. 

► Calcium Channels in the Spinal Processing of Noci¬ 
ceptive Input 

► DREZ Procedures 

► NMDA Receptors in Spinal Nociceptive Processing 


I- 

Spinal Dorsal Horn Pathways, Colon, 
Urinary Bladder and Uterus 

► Spinal Ascending Pathways, Colon, Urinary Bladder 
and Uterus 


I- 

Spinal Dorsal Horn Pathways, Dorsal 
Column (Visceral) 
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Synonyms 

Posterior horn; posterior column; Visceral Nociceptive 
Tracts 

Definition 

The dorsal column visceral nociceptive pathway origi¬ 
nates from postsynaptic dorsal column (PSDC) neurons 
(► Postsynaptic Dorsal Column Neurons). Although 
most previous work has emphasized the cutaneous 
input to PSDC neurons, it has now been shown that at 
least some of these neurons respond to noxious visceral 
stimuli, as well as to cutaneous stimuli. The cell bod¬ 
ies of PSDC neurons are concentrated in the nucleus 
proprius of the spinal cord dorsal horn, but some are 
located in the central gray matter. The axons of some 
of these neurons convey visceral nociceptive informa¬ 
tion through the dorsal column to the dorsal column 
nuclei of the medulla oblongata. The dorsal column 
nuclei transmit visceral nociceptive information to the 
contralateral ventral posterior lateral (VPL) thalamic 
nucleus, which in turn relays the information to the 
somatosensory cerebral cortex. 


Characteristics 

A number of spinal cord ascending pathways convey 
visceral nociceptive information to the brain. These 
pathways include the spinothalamic, spinoreticular, 
spinoparabrachial, spinohypothalamic, spinoamyg- 
dalar and other spinolimbic tracts, which ascend in the 
lateral and ventral funiculi (Willis and Coggeshall 2004) 
(see ► Spinal Ascending Pathways, Colon, Urinary 
Bladder and Uterus). However, clinical observations 
have shown that midline lesions of the human posterior 
columns at a midthoracic level (Fig. 1) can relieve the 
pain of pelvic cancer and reduce the need for analgesic 
drugs (► analgesics) (Hirshberg et al. 1996; Nauta et 
al. 2000; Ki m and Kwon 2000). For example, the le¬ 
sions shown in Fig. la-c were made in patients with 
cancer pain. The lesion in Fig. la was made at T10 in a 
patient with colon cancer (Hirshberg et al. 1996). After 
the surgery, this patient spent the remaining 3 months 
of his life pain-free, without the need for strong anal¬ 
gesics. The lesion in Fig. lb was made at T7 in a patient 
with lung cancer. This was the least successful lesion 
in relieving cancer pain in a series of cases (Nauta et 
al. 2000), perhaps because the lesion was largely uni¬ 
lateral or because the lesion was not placed sufficiently 
rostrally in this patient, who had lung cancer. Pelvic 
cancer pain was relieved for a period of several years 
by the lesion shown in Fig. lc in another patient (Nauta 
et al. 2003). A technique for making a punctate midline 
myelotomy (Nauta et al. 2000) is shown in Fig. Id 
(drawing at the left). The postsynaptic dorsal column 
pathway that was proposed to convey visceral nocicep¬ 
tive signals to the brain based on animal experiments 
(see below) is shown at the right in Fig. Id. 

The rationale for performing a ► midline myelotomy 
for pelvic cancer pain was the previous success of 
midline myelotomies performed by Hitchcock and 
other neurosurgeons at the upper cervical level in re¬ 
lieving visceral and other forms of pain (Gybels and 
Sweet 1989). However, placement of a midline myelo¬ 
tomy at a mid-thoracic level rostral to afferent input 
from pelvic viscera is a safer procedure (Hirshberg et 
al. 1996). The interruption of a nociceptive pathway in 
the posterior columns of humans could also account for 
neurosurgical reports that commissural myelotomies 
can produce pain relief in much more caudal parts of the 
body than would be suggested by the segmental levels of 
the commissural myelotomy (Gybels and Sweet 1989). 
The presence of a visceral nociceptive path in the dorsal 
columns has now been demonstrated in animal experi¬ 
ments. For example, in rats the responses of neurons in 
the ventral posterior lateral (VPF) thalamic nucleus 
to noxious ► colorectal distension were found to be 
reduced by about 80% following a lesion restricted 
to the dorsal columns (Fig. 2), whereas similar re¬ 
sponses in other rats were reduced by only about 20% 
after a lesion confined to the ventrolateral quadrant 
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Spinal Dorsal Horn Pathways, Dorsal 
Column (Visceral), Figure 1 (a—d) The 

dorsal column visceral pain pathway in 
humans, (a-c) Lesions made in the dorsal 
columns of patients in an effort to relieve 
cancer pain, (a) Lesion at T10 completely 
relieved the pain of colon cancer, (b) 
Lesion at T7 was only partially effective 
in relieving pain from lung cancer, 
perhaps because the lesion did not 
extend sufficiently laterally on one side. 

(c) A lesion that relieved pelvic cancer 
pain for several years after the surgery. 

(d) The different levels of the dorsal 
column visceral pain pathway, including 
visceral nociceptive afferents, spinal 
cord processing circuits, postsynaptic 
dorsal column neurons projecting through 
the dorsal column to the dorsal column 
nuclei, and nucleus gracilis neurons 
projecting through the medial lemniscus 
to the VPL thalamic nucleus. (From Willis 
and Westlund 2004). 


of the spinal cord (Al-Chaer et al. 1996a). Visceral 
nociceptive responses could also be recorded from 
neurons of the gracile nucleus, and these were blocked 
by ► microdialysis administration of morphine or of 
the non-N-methyl-D-aspartate antagonist, CNQX, 
into the sacral spinal cord, after restricting the afferent 
input from the colon to the sacral cord to the pelvic 
nerves by sectioning the hypogastric nerves prior to 
the experiment (Al-Chaer et al. 1996b). The ability 
of these drugs to block the visceral responses in the 
gracile nucleus is consistent with a synaptic action. 


presumably at synapses of visceral primary afferent 
neurons on PSDC neurons. Recordings from individual 
antidromically identified PSDC neurons confirmed that 
their responses to visceral stimuli were in fact blocked 
by microdialysis administration of morphine or CNQX 
into the sacral spinal cord. Furthermore, the responses 
of VPL neurons to colorectal distention were greatly 
reduced by a small lesion placed in the gracile nucleus 
(Al-Chaer et al. 1997). Thus, the visceral responses in 
the gracile and VPL nuclei depend on a synaptic relay in 
the sacral spinal cord, and on subsequent transmission 
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Spinal Dorsal Horn Pathways, Dorsal Column (Visceral), Figure 2 (a—f) Reduction in the responses of a neuron in the VPL thalamic nucleus in a rat 
to cutaneous and visceral stimulation following successive lesions of the dorsal column (DC) and the ventrolateral column (VLC). (a) Recording site, (b) 
cutaneous receptive field, (c) maximum extent of lesions of DC and VLC, (d) responses to brush (BR), pressure (PR) and pinch (PI) stimuli applied to the 
receptive field, (e) responses to graded colorectal distention (20, 40, 60 and 80 mm Hg), (f) action potential of VPL neuron. The DC lesion eliminated the 
responses to BR and PR, but not PI, and it nearly eliminated the responses to colorectal distention. The VLC lesion eliminated the remaining responses. 
The action potential remained consistent, indicating that the recording was unchanged throughout the experiment. (From Al-Chaer et al. 1996). 


of visceral signals through the dorsal columns and dor¬ 
sal column nuclei (Fig. Id). Midthoracic dorsal column 
lesions were also observed to block changes in regional 
blood flow in the brains of monkeys at the level of the 
thalamus, using functional magnetic resonance imag¬ 
ing (Willis et al. 1999), indicating that there is a dorsal 
column visceral nociceptive pathway in primates, as 
well as in rats. 

An anatomical study using the anterograde tracer, 
(► anterograde axonal tracer (anterograde labeling)) 
Phaseolus vulgaris leucoagglutinin, showed that PSDC 
neurons in the sacral spinal cord project their axons 
through the midline dorsal column to the gracile nu¬ 
cleus (Wang et al. 1999). However, the axons of PSDC 
neurons in the mid-thoracic spinal cord were found in 
the dorsal column, near the dorsal intermediate septum, 
between the gracile and cuneate fasciculi, and the axons 
terminated in the border area between the gracile and 
cuneate nuclei (Wang et al. 1999). Thus, the visceral 
component of the PSDC pathway has a viscerotopic 
organization, similar to the somatotopic organization 
of the cutaneous component of this pathway. Due to 


this viscerotopic organization, dorsal column lesions 
to reduce visceral pain arising from abdominal organs 
would need to be placed more laterally than the midline 
lesions that are used to alleviate pelvic visceral pain. 
Evidence confirming that responses to noxious visceral 
stimuli applied to abdominal viscera are blocked by 
lesions of the dorsal columns placed at the border be¬ 
tween the fasciculus gracilis and fasciculus cuneatus, 
has been obtained in experiments using recordings 
from VPL neurons before, during and after duodenal 
distention (Feng et al. 1998). In such animals, midline 
dorsal column lesions were ineffective. Similar laterally 
placed dorsal column lesions in rats were also needed to 
reduce the responses of VPL neurons to noxious stimu¬ 
lation of the pancreas using ► bradykinin applications 
(Houghton et al. 2001). 

Behavioral studies have underlined the importance of 
the visceral pathway in the dorsal column for responses 
to noxious visceral stimuli. For example, dorsal column 
lesions reduce the writhing responses of rats to duode¬ 
nal distention (Feng et al. 1998), as well as some of the 
changes in exploratory activity that result from noxious 
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stimulation of the pancreas (Houghton et al. 2001). 
Furthermore, dorsal column lesions prevent or disrupt 
the ► visceromotor reflexes, recorded as electromyo¬ 
graphic responses from the external abdominal oblique 
muscle in rats, following noxious colorectal distention 
in animals in which the colon had been inflamed by 
injection of mustard oil, but not in non-inflamed con¬ 
trol animals (Palecek and Willis 2003). The effect of 
a combination of colon inflammation and colorectal 
distention in reducing exploratory behavior of rats is 
partially reversed by bilateral dorsal column lesions 
at an upper cervical level, but not by a lesion of the 
ventrolateral funiculus (Palecek et al. 2002). 

Another approach that has been used to demonstrate the 
role of the PSDC pathway, as well as of the spinotha¬ 
lamic tract, in signaling nociceptive visceral activity is 
a demonstration of the expression of ► Fos protein in 
response to ureter distention (Palecek et al. 2003). Ret¬ 
rograde labeling from the nucleus gracilis and the con¬ 
tralateral VPL nucleus, respectively, was used to identify 
neurons of the PSDC pathway and of the spinothalamic 
tract. A substantial fraction of neurons belonging to each 
pathway was found to express Fos protein after noxious 
distention of the ureter (Fig. 3). The leftmost column of 
Fig. 3 shows drawings of histological sections taken at 
various levels of the spinal cord. The locations of retro- 
gradely labeled PSDC neurons are plotted on the draw¬ 
ings. The second column of drawings shows the loca¬ 
tions of PSDC neurons that were immunoreactive for Fos 
protein following distention of the ureter. Some of the 
Fos-labeled PSDC neurons were in the central gray mat¬ 
ter of the spinal cord, an area known to process visceral 
information. Other Fos-positive PSDC neurons were in 
the nucleus proprius. Similarly, the rightmost column 


in Figure 3 shows the locations of retrogradely labeled 
spinothalamic tract (STT) cells, and the third column 
shows those STT cells that were immunoreactive for Fos 
protein after ureter distention. 

Although not rigorously proven as yet, there is a plau¬ 
sible explanation for why a dorsal column lesion can 
interrupt nociceptive behavior in response to visceral 
stimuli, despite the fact that many spinothalamic and 
other ascending tract cells also respond to noxious 
visceral stimuli. It is well established that visceral re¬ 
sponses in the spinal cord depend on the activation of an 
excitatory pathway that descends from the brain stem to 
activate spinal cord visceroceptive neurons (Zhuo and 
Gebhart 2002; see also Willis and Coggeshall 2004). 
It seems likely that activity ascending in the dorsal 
column is not only transmitted by way of the dorsal 
column nuclei to the thalamus, but that this informa¬ 
tion also serves to activate this descending excitatory 
pathway (Palecek and Willis 2003). The brainstem 
excitation would normally help activate spinothalamic 
and other ascending tracts that convey visceral nocicep¬ 
tive information to higher centers. Interruption of the 
dorsal column could interfere with transmission, not 
only in the postsynaptic dorsal column path, but also in 
the other ascending visceroceptive tracts, such as the 
spinothalamic tract. 
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Spinal Dorsal Horn Pathways, Dorsal 
Column (Visceral), Figure 3 Fos 

protein expression in postsynaptic 
dorsal column (PSDC) and spinothalamic 
tract (STT) neurons following noxious 
distention of the ureter in rats. PSDC and 
STT neurons were labeled retrogradely 
from the nucleus gracilis and thalamus, 
respectively. The filled circles in the 
leftmost column of drawings of spinal 
cord sections from Th4 to L6 indicate 
the locations of PSDC neurons that did 
not express Fos protein, and those in 
the next column of drawings show the 
positions of neurons that did express 
Fos protein after uterer distention. 

The third column shows STT cells 
that expressed Fos protein and the 
rightmost column those that did not. 
(From Palecek et al. 2003). 
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Synonyms 

Deep Somatic Pain; Muscle and Joint Pain; Small- 
Caliber Afferent Fibers; group III and IV fibers 


Definitions 

► Deep Somatic Pain: pain from muscle, fascia, tendons 
and joint capsules 

► Receptive field: those regions of the body from which 
a second order (or higher order) neuron can be excited 
or inhibited 

Characteristics 

In contrast to cutaneous pain, which is usually well local¬ 
ized, deep somatic pain is rather diffuse and has a greater 
tendency to spread and to be referred. Moreover, deep 
pain is often associated with more marked autonomic 
reactions such as sweating and an increase in heart rate. 

Spinal Terminations 

Primary Afferents from Muscle 

Transganglionic labeling of afferent fibers from the 
cat gastrocnemius-soleus (GS) muscle has shown that 
small-diameter fibers terminate in laminae I and IV-VI 
(Mense and Craig 1988). Intraaxonal staining of single 
group IV fibers from muscle in the guinea-pig demon¬ 
strated spinal terminations mainly in lamina I and II 
(Ling et al. 2003). Thus, not only the superficial lami¬ 
nae - but also laminae of the deep dorsal horn - appear 
to be the main targets of small-caliber muscle afferent 
fibers, many of which are nociceptive. 

Primary Afferents from Joint 

Articular nerves supplying the knee or elbow joint of 
rat, cat and monkey project to several spinal segments. 
Staining of whole nerves with horseradish peroxidase 
showed dense projections of joint afferents to lamina I 
and to deep laminae IV, V, and VI (and VII) in cat, 
but other studies found projections mainly in lamina II 
and III (Schaible and Grubb 1993). 

Dorsal Horn Laminae Containing Second Order Neu¬ 
rons Involved in Muscle and Joint Pain 

In the past, pain research was focused on cutaneous pain, 
and dorsal horn neurons that were described as medi¬ 
ating skin pain were not tested for additional receptive 
fields (RFs)indeep somatic tissues. In recent years, it be¬ 
came clear that most dorsal horn neurons - particularly 
in the deep dorsal horn - have convergent input from 
joint, muscle, and skin. Neurons with exclusive input 
from muscle or joint are extremely rare. 

Second Order Neurons Involved in Nociception from 
Muscle 

Lamina I: In cat, most lamina I cells with input from 
the GS muscle were found to respond only to noxious 
stimuli and were driven by group III fibers (Craig and 
Rniffki 1985). Interestingly, those cells that projected 
to the contralateral thalamus had no additional group 
IV-fiber input. However, neurons not projecting to the 
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thalamus exhibited responses to electrical stimulation of 
group IV fibers. Apparently, lamina I is a rather specific 
target for muscle nociceptors with thinly myelinated 
fibers. 

Laminae IV-VI: In these laminae, a marked conver¬ 
gence from deep somatic tissues and skin is present, 
and all functional types of cell can be found; low- 
threshold mechanosensitive (LTM, presumably non¬ 
nociceptive), high-threshold mechanosensitive (HTM 
or nociceptive specific (NS), presumably nociceptive), 
and wide-dynamic range or multireceptive (WDR or 
MR, presumably nociceptive) cells. 

Spread of Muscle-Induced Excitation of Dorsal Horn 
Neurons under Pathologic Conditions 

Input from muscle is known to be more effective in in¬ 
ducing spinal neuroplastic changes than input from the 
skin (Wall and Woolf 1984). In the rat, an experimen¬ 
tal myositis induced marked changes in the connections 
between the afferents of the inflamed muscle and dor¬ 
sal horn neurons (a lesion-induced “functional reorga¬ 
nization” of the spinal cord). One aspect of this reor¬ 
ganization was an expansion of the target region of the 
muscle nerve, i.e. input from inflamed muscle excited a 
larger population of spinal neurons than input from nor¬ 
mal muscle (Hoheisel et al. 1994) (Fig. 1). This expan¬ 
sion was mainly due to activation of NMDA channels 
(binding glutamate) and NK1 receptors (binding sub¬ 
stance P); AMPA/kainate receptors were not involved. 
The expansion is an expression of dorsal horn hyperex¬ 
citability (► central sensitization). Under the influence 
of nociceptive input from an inflamed muscle, formerly 
silent or ineffective synapses become effective, and the 
target area of the muscle nerve expands. Clinically, these 
findings could explain the subjective spread and referral 
of muscle pain. 


Glia-Neuron-Interaction 

The great majority of cells in the CNS are glial cells (as¬ 
trocytes, microglia, oligodendrocytes). Only recently 
has the role of glial cells in pain been acknowledged 
(Watkins et al. 2001). In rats with an experimental 
chronic myositis, astrocytes exhibit an increased syn¬ 
thesis of the cytoskeletal protein GFAP and of the 
basic fibroblast factor (FGF-2) (Tenschert et al. 2004) 
(Fig. 2a). Activation of central nervous system glial 
cells by a peripheral lesion, and the ensuing release of 
cytokines and other pro-inflammatory substances, are 
assumed to be important for the transition to chronic 
pain. However, glial cells also synthesize agents (e.g. 
FGF-2) that inhibit neuronal activity (Blum et al. 2001) 
(Fig. 2b). 

Second Order Neurons Involved in Nociception from 
Joint 

The spinal cord contains neurons that respond to pres¬ 
sure applied to the knee joint, but not to stimulation of 
the skin overlying the knee (Fig. 3c). Typically, these 
neurons also respond to stimulation of adj acent muscles 
(Fig. 3a). NS neurons with joint input are only excited 
by noxious pressure onto the joint and/or muscle, and 
twisting of the joint against resistance of the tissue. 
WDR neurons with joint input respond to light pressure 
onto the joint and to movements in the working range, 
and show greater responses to noxious stimuli (Fig. 3b). 
Most WDR neurons exhibit convergent inputs from skin 
and deep tissue, whereas many NS neurons in the deep 
dorsal horn have only deep input. The cat spinal cord 
contains neurons with cell bodies in the ventral horn and 
axons in the spinoreticular tract, which are only driven 
by noxious stimulation of deep tissue (Schaible 2005; 
Schaible and Grubb 1993). 


Inactive 

(silent) 

synapse 



Spinal Dorsal Horn Pathways, Mus¬ 
cle and Joint, Figure 1 Expansion 
of the target area of a muscle nerve 
after an acute myositis (duration 
8 h). The target area is that region 
of the dorsal horn in which neurons 
can be excited by standard electrical 
stimulation of the GS muscle nerves. 
Dark shading, target area of rats with 
intact muscle (control); light shading, 
target area of myositis animals. For 
further explanation, see text. 
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Spinal Dorsal Horn Pathways, Muscle and Joint, Figure 2 Activation of astrocytes by a chronic myositis (a), and the effect of FGF-2 on neuronal 
activity (b). (a) Astrocytes were double-labeled with antibodies to glial fibrillary acidic protein (GFAP; white spider-like structures) and basic fibroblast 
growth factor (FGF-2; dark nuclei of the astrocytes), (b) Upper panel, resting activity of a dorsal horn neuron during iontophoresis of FGF-2 and vehicle, 
respectively. Lower panel, recording of the iontophoresis current used for depositing the FGF-2 solution close to the neuron. FGF-2 was ejected at a 
concentration of 5 nM through a glass microelectrode with 3 barrels, one of which was used for recording of the neuron's activity. 




Pressure Squeezing Pressure Probing Probing 

lateral side skin medial side lateral side medial side 

through skin through skin 


Spinal Dorsal Horn Pathways, Muscle and Joint, Figure 3 Receptive field and responses of spinal cord neurons with input from the knee joint, (a) 
Receptive field of a neuron in the deep dorsal horn with input from the knee and adjacent muscles, (b) Responses of an ascending WDR neuron in 
lamina VIII of cat spinal cord with input from the knee joint, adjacent muscles and skin over the ankle joint. The neuron responded weakly to innocuous 
movements of the knee (flexion, extension, outward rotation, OR), and showed pronounced responses to forced extension (f. ext) and noxious outward 
rotation (n.OR) of the knee, (c) Responses of a lamina I neuron in L7 with joint input in cat spinal cord. The neuron was activated by pressure applied 
to the lateral and medial side of the knee joint through the skin and by probing the exposed lateral and medial side of the knee but not by squeezing 
the skin overlying the joint. 


Inflammation-Evoked Hyperexcitability of Spinal Neu¬ 
rons with Joint Input 

During Icnee joint inflammation, NS and WDR neurons 
with knee input develop pronounced hyperexcitabil¬ 
ity. Responses to innocuous and noxious mechanical 
stimulation of the inflamed knee increase, and NS neu¬ 


rons showa drop of threshold to the innocuous range. 
Responses to pressure onto non-inflamed muscles in 
the limb and to the ankle joint show a similar increase, 
and the receptive field often expands towards the paw. 
Thus, the spinal sensitization results from increased 
input from sensitized joint afferents and from an in- 
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traspinal increase of the gain (Schaible 2005; Schaible 
et al. 1987). 

Central Sensitization can persist during Chronic In¬ 
flammation 

During chronic inflammation spinal neurons were 
more sensitive than in normal rats, and had expanded 
receptive fields in deep tissue and skin (Menetrey and 
Besson 1982; Schaible and Grubb 1993), and numerous 
neurons in lamina I, and in the deep dorsal and ventral 
horn of several segments expressed the activity marker 
c-Fos. Particularly during chronic inflammation, c-Fos 
was mainly elevated in the deep dorsal horn, and only 
marginally in the superficial dorsal horn (Abbadie and 
Besson 1992; Menetrey et al. 1989). 

Transmitters Involved in Activation and Sensitization 
of Spinal Neurons with Joint Input 

Spinal application of antagonists at AMPA/kainate 
(non-NMDA) receptors reduced the responses of spinal 
neurons to innocuous and noxious pressure onto the 
knee joint, whereas NMDA receptor antagonists re¬ 
duced only the responses to noxious pressure. During 
acute joint inflammation the intraspinal release of glu¬ 
tamate is enhanced, and antagonists at AMPA/kainate 
and NMDA receptors prevented the development of 
hyperexcitability. These antagonists also reduced the 
responses of the neurons to joint stimulation after 
established inflammation. Thus, glutamate receptors 
play a key role in the generation and maintenance of 
inflammation-evoked spinal hyperexcitability. 

Noxious but not innocuous compression of the nor¬ 
mal joint enhanced the intraspinal release of substance 
P, neurokinin A and CGRP. During acute inflamma¬ 
tion, release of these mediators was even evoked by 
innocuous mechanical stimulation. Spinal application 
of antagonists at neurokinin 1, neurokinin 2 and CGRP 
receptors reduced the responses of spinal cord neu¬ 
rons to noxious compression of the normal joint, and 
attenuated the inflammation-evoked hyperexcitability 
(Schaible 2005). 

During joint inflammation, PGE2 was released within 
the dorsal and ventral hom. Topical application of PGE2 
to the spinal cord surface facilitated the responses of 
spinal cord neurons to pressure onto the normal joint. 
Topical spinal application of the COX inhibitor in- 
domethacin before inflammation attenuated the de¬ 
velopment of hyperexcitability. Thus, spinal PGs are 
also involved in the generation of inflammation-evoked 
spinal hyperexcitability (Vasquez et al. 2001). 
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I- 

Spinal Flattened Neuron 


Definition 

Spinal lamina I neuron with a disk-shaped horizontal 
cell body and a roughly circular sparsely ramified aspiny 
dendritic tree confined to lamina I. 

► Spinothalamic Tract Neurons, Morphology 

I- 

Spinal Fusiform Neuron 

Definition 

Spinal lamina I neuron with a spindle-shaped cell body 
oriented rostrocaudally, and a narrow longitudinal den¬ 
dritic tree with numerous short pedicled dendritic spines. 

► Spinothalamic Tract Neurons, Morphology 
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Synonyms 

Spinal arthrodesis 

Definition 

Elimination of movement between various elements of 
spinal column at one or more segmental levels, with 
or without instrumentation, is termed spinal fusion 
or arthrodesis. ► Spinal arthrodesis may be a more 
appropriate term, since it involves removing the artic¬ 
ular surfaces and securing bony union. The origin of 
spinal fusion stems from the vast orthopedic literature 
supporting fusion for painful joints. Hippocrates first 
observed fusion of the facet joints in a patient with spinal 
tuberculosis and described it as nature’s attempt to halt 
the progression of the deformity. Hibbs is credited for 
the first spinal fusion performed; in 1911 he surgically 
fused the posterior spinal elements in young patients 
with spinal tuberculosis. 


Spinal fusion is indicated in a variety of disorders caus¬ 
ing back pain that are not responding to various conser¬ 
vative and less invasive measures. These conditions in¬ 
clude Degenerative Disc Disease (DDD) causing disco- 
genic low-back pain, spondylolisthesis, recurrent lum¬ 
bar disc herniation with significant mechanical back pain 
or radiculopathy, and psuedoarthrosis. 

Investigations 

Before embarking on a surgical fusion procedure, it is 
imperative that the surgeon establishes an anatomic ex¬ 
planation for the patient’s symptoms, and then a realis¬ 
tic estimation should be made of the likelihood that the 
spinal fusion procedure would significantly improve the 
symptoms. In order to determine which patients are ap¬ 
propriate candidates for a fusion procedure and to decide 
which levels should be fused, all relevant investigations 
should be performed. These include plain radiographs, 
which show the disc height, any introsseous pathology, 
osteoporosis, and overall sagittal and coronal alignment. 
Flexion and extension views are used to help identify ex¬ 
cessive segmental motion/instability. In non-traumatic 
settings, the extent to which this excessive motion rep¬ 
resents instability is poorly defined (Nachemson et al. 
1991), but generally 4—5 mm of translation and 15° of 
relative angulation is considered instability in degener¬ 
ative disease (Spratt et al. 1993). 


MRI is very sensitive regarding degenerative changes in 
discs and the surrounding soft tissue structures, spawn¬ 
ing the concept of “black disc disease.” Black disc dis¬ 
ease is a loss of bright signal on T2 weighted images 
due to age-related loss of water content in the disk. High 
intensity zones confined to the annulus fibrosus, annu¬ 
lar tears of various configurations and various endplate 
abnormalities of degenerative disc disease (Modic et al. 
1988) are identified on MRI. It is precarious to attribute 
low back pain to these MRI abnormalities, as these are 
found in a fairly high percentage of asymptomatic indi¬ 
viduals. Borenstein et al. (2001) demonstrated that the 
presence of such MRI findings of disc degeneration in 
healthy subjects does not predict the subsequent devel¬ 
opment of lumbar spine symptomatology. 

Provocative discography has thus been proposed to iden¬ 
tify the painful disc (see chapter on ► Discogenic Back 
Pain) . The most useful aspect of the procedure in the con¬ 
text of determining levels for surgical fusion is the sub¬ 
jective pain response, with the reproduction of the pa¬ 
tient’s low back pain symptoms during the injection of 
the contrast agent representing a “concordant” pain re¬ 
sponse. However, the natural history of low back pain in 
patients with positive discography is uncertain. Smith et 
al. (1995) observed that approximately two thirds of pa¬ 
tients with positive discography, who were considered 
operative candidates but did not have surgery, had sat¬ 
isfactory relief with non-operative therapy. 

From this description of various diagnostic tools, it is 
obvious that our ability to delineate the exact cause of 
back pain, and then to predict the outcome of surgical 
fusion based on these findings, is far from perfect. How¬ 
ever, the ideal surgical candidate for fusion would be a 
patient with chronic low back pain who has isolated sin¬ 
gle disc degeneration on MRI. This patient should have 
concordant discographic pain and evidence of instability 
after a failed, prolonged course of non-operative therapy. 


s 


Characteristics 

The primary objective of lumbar spinal fusion is not to 
achieve fusion between two vertebrae but to improve 
pain, disability, quality of life and the working capacity 
of the patient, or to alter an unfavorable natural course 
(M. Krismer). A solid bony union does not necessarily 
correlate with symptom relief. 

Types of fusion: 

1. Interlaminar fusion 

2. Postero-lateral fusion 

3. LIF: Lumbar interbody fusion (► ALIF-Anterior 
LIF, ► PLIF-Posterior LIF and ► TLIF-transforami- 
nal LIF) 

Fusion procedures are often combined with spinal in¬ 
strumentation in the form of pedicle screw fixation. The 
latter is used not only to correct the deformity, but also to 
compress the bone graft between the articular surfaces to 
promote union. The full details of surgical technique are 
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beyond the scope of this chapter, but a brief description 
of each fusion procedure, along with expected results, 
follows. 

Postero-lateral fusion involves decortication of facet 
joints, transverse processes and pars-articularis, with 
the onlay of bone graft to encompass the exposed bony 
surfaces. Although the fusion rates are better with a 
lower pseudoarthrosis rate (5%-10% with addition of 
pedicle screws (Zdeblick 1993), good to excellent relief 
of back pain was reported in only 39%-57% of the 
patients (France et al. 1999; Zdeblick 1993). One of 
the reasons for these disappointing clinical outcomes 
is due to the biomechanical inability of posterolateral 
fusion alone to impart rigid immobilization of the spinal 
column, without additionally providing anterior col¬ 
umn support. Rigid posterolateral fusion might allow 
micromotion anteriorly through the “pain generating” 
intervertebral disk. This was demonstrated by Weather- 
ley et al. (1986) in 5 patients with persisting discogenic 
back pain despite solid posterolateral fusion. 

Lumbar Interbody Fusion (LIF) thus became popular 
since it has multiple theoretical advantages over pos¬ 
terolateral fusion. Interbody fusion places the bone 
graft in the load bearing position of anterior and middle 
spinal columns (which support 80% of spinal loads 
and provide 90% of the osseous surface area), thereby 
enhancing the potential for fusion. This procedure also 
helps to restore the disc space height, lumbar lordosis, 
and coronal and sagittal balance of the spine, whereas 
a posterolateral fusion has limited potential to do this 
(Mummaneni et al. 2004). As this procedure involves 
complete discectomy, it theoretically eliminates disco¬ 
genic pain if the lumbar disc is the pain generator in 
that particular patient. Three different approaches for 
LIF are widely practiced: 

• ALIF: Anterior Lumbar Interbody Fusion - where 
discectomy and fusion is performed by ventral 
approach and fusion is often supplemented with pos¬ 
terior instrumentation. Advantages include direct 
access for reconstruction of anterior spinal column, 
ability to improve sagittal balance, and ability to 
avoid paraspinal muscle trauma and denervation. 
Drawbacks include risk of deep venous thrombosis 
and vascular injury due to retraction of iliac vessels, 
retrograde ejaculation from hypogastric plexus in¬ 
jury, and muscular atony of abdominal wall leading 
to hernias. 

• PLIF: Posterior Lumbar Interbody Fusion (Fig. la, 
b) - where a laminectomy is performed and thecal 
sac is retracted to access the disc space, and to per¬ 
form discectomy and placement of interbody cages 
filled with bone graft. Simultaneous posterolateral fu¬ 
sion is performed to achieve circumferential fusion. 
Since this technique requires significant bilateral re¬ 
traction of the thecal sac and nerve roots, risks in¬ 
clude cerebrospinal fluid leakage, dysesthetic nerve 


root pain syndromes, nerve root injury, epidural fi¬ 
brosis and potential injury to conus medullaris if per¬ 
formed above L3 level. 

• TLIF: Transforaminal Lumbar Interbody Fusion - 
where hemilaminectomy and hemifacectectomy is 
performed and discectomy and bone graft/cages are 
placed through a posterior transforaminal approach, 
thus avoiding undue retraction of the thecal sac. 
Thus, it avoids all the risks associated with ALIF and 
TLIF, and can be used safely even above L3 level. 
Autogenous iliac crest is the gold standard graft mate¬ 
rial for interbody fusion, but various titanium and carbon 
fiber implants filled with autogenous bone are widely 
available to replace the disc space and to achieve solid 
fusion. 

Minimally Invasive Lumbar Fusion: the methods are 
associated with varying degrees of paraspinal muscle 
injury due to retraction induced intramuscular pres¬ 
sure and ischemia. Gejo et al. (1999) showed that the 
incidence of low back pain after open lumbar surgery 
was significantly increased in patients who had long 
muscle retraction times. Rantanen et al. (1993) demon¬ 
strated that patients with poor outcomes after lumbar 
surgery were more likely to have persistent pathologic 
changes in their paraspinal muscles. Minimally inva¬ 
sive lumbar fusion technology has evolved to obviate 
these risks associated with open surgeries. Foley et al. 
(2003) reported that in 39 patients, who had percuta¬ 
neous minimally invasive lumbar fusion, two thirds had 
excellent outcome and one third had good outcome, 
as determined by the modified Mac Nab criteria, with 
100% solid fusion by radiographic criteria. Technology 
is also evolving to replace the disc with an artificial 
prosthetic disc, to preserve the motion segment with the 
potential avoidance of adjacent segment degeneration. 
Contraindications for LIF: Relative contraindications 
for interbody fusion are greater than 3 level degenerative 
disc disease (except for scoliosis), severe osteoporosis 
and single level disc disease causing radiculopathy 
without symptoms of mechanical back pain or instabil¬ 
ity. 

Outcomes after Lumbar Fusion: Spinal immobilization 
and fusion are obviously indicated for spinal instability 
due to trauma or tumor, but huge controversy exists 
about the role of fusion as treatment for low back pain 
secondary to degenerative disc disease and spondylolis¬ 
thesis. There is a definitive trend towards increasing 
use of spinal instrumentation and fusion over the past 
20 years, despite the lack of evidence that surgery can 
positively influence the course of degenerative spine 
disorders (Bono et al. 2004). The reader should also 
be cognizant of the potential complications of inva¬ 
sive spinal surgery, occurring in up to 33% of patients 
(Mayer et al. 2002), which include implant failure, 
non-union, graft related morbidity, sexual dysfunction 
etc. A Cochrane review by Gibson et al. (1999) came 
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Spinal Fusion for Chronic Back Pain, Figure 1 (a) MRI of lumbar spine showing L5-S1 spondylolisthesis in a patient with mechanical back pain, (b) 
Post-operative x-ray of Posterior lumbar interbody fusion (PLIF)-position of the cages between the verterbral bodies is identified by the radio-opaque 
markers. 


to the following conclusions: 1) There is no acceptable 
evidence of the efficacy of any form of fusion for degen¬ 
erative lumbar spondylosis, back pain or instability. 2) 
There is strong evidence that instrumented fusion may 
produce a higher rate of fusion, but does not improve 
clinical outcome. The same observations can be made 
about non-surgical therapeutic options like peridural 
injections, catheters, intradiscal electrothermal therapy 
(► IDET) etc. Until randomized prospective blinded 
clinical trials are performed, controversy will persist 
regarding spinal fusion. Suffice it to say, fusion for 
backache is not an alternative to expert rehabilitation 
with muscle retraining and exercises. 

Summary 

Lumbar spinal fusion is an effective surgical option for 
chronic back pain secondary to degenerative spinal dis¬ 
orders when a patient has failed optimal conservative and 
less invasive management. Randomized clinical trails 
are necessary to study the efficacy of spinal fusion on 
clinical outcomes. Emerging technology as alternative 
to spinal fusion include total disc replacement with pros¬ 
thetic discs (like SBIII Charite Disc or ProDisc II) in 
order to preserve the segmental motion of the involved 
spine. 
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Spinal Injection 

► Intrathecal Injection 
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Synonyms 

Chiropractics; osteopathy 

Definition 

Manual manipulation of near vertebral column struc¬ 
tures to relieve pain. 

Characteristics 

Originally based on anecdotal non-scientific observa¬ 
tions (the “subluxation theory” see Jarvis 2001), spinal 
manipulative therapy has been used to a varying extent 
in the western world, both as a separate modality out¬ 
side and inside traditional medical practice and as part 
of physical and rehabilitation medicine. As part of com¬ 
plementary medicine, it has received great popularity in 
the general population (Ernst et al. 2001). 

The most common types of spinal manipulative therapy 
are high velocity, low amplitude thrust manipulation, 
low velocity, small or large amplitude mobilization, 
manual traction (see ► Lumbar Traction) and so called 
cranio-sacral therapy. While there are controlled data 
that acute back pain may in fact be temporarily relieved 
by manipulation (e.g. Koes et al. 1992), the results in 
chronic back pain are ambiguous. Furthermore, to be 
clinically relevant, the long-term pain relief after a lim¬ 
ited series of manipulation sessions should last at least 
3-6 (12) months and be reproducible with additional 
spinal manipulation sessions at a later stage. In addition, 
the risk of serious side effects after initial or subsequent 
manipulations should be negligible. 

At present there are several systematic reviews avail¬ 
able on the effects of spinal manipulative therapy in 
chronic low back pain. Ferreira et al. (2002) included 9 
randomized controlled trials (RCTs) of mostly moder¬ 
ate quality in their review. The patients were adult and 
had low back pain of at least 3 months duration. The 
outcome measures in the studies had to include at least 
one of pain, disability, quality of life, adverse events, 
return to work, global perceived effect or patient’s sat¬ 
isfaction with therapy. The mean duration of pain was 
28.1 months. The mean reduction in pain intensity was 


7 (95%CI 1-14) mm on a 100 mm VAS scale at 1 month 
when compared with placebo and the disability score 
was reduced by 6 (95%CI 11-40) points on a 100 point 
disability questionnaire, indicating no relevant clinical 
effects from the therapy. 

In a periodically updated Cochrane analysis of spinal 
manipulative therapy in low back pain, Assendelft et al. 
(2004) aimed to analyze comparative studies between 
spinal manipulative therapy and other therapies and to 
include recent RCTs up to September 2003. They have 
found 39 RCTs. In acute low back pain, the effect of 
spinal manipulation was superior to sham therapy with a 
pain VAS reduction of 10 (95% Cl 2-17) mm short term 
and 19 (95% Cl 3-35) mm after more than 6 weeks. The 
improvement at the same point in time on the Rivermead 
disability questionnaire was 2.6 (95%CI0.5^4.8) points, 
i.e. of little clinical importance. Spinal manipulation was 
not more effective than general practice care, analgesics, 
physiotherapy in general, exercise or back schools. The 
results for chronic low back pain were similar and the au¬ 
thors conclude that there is at present no evidence that 
spinal manipulation is superior to standard treatments 
for acute or chronic low back pain. 

The so called cranio-sacral therapy is based on bizarre 
mechanistic speculations (see Hartman and Norton, 
2002) and has not been shown to relieve pain in con¬ 
trolled studies (e g Vendtegodt et al, 2004). 

An additional factor is the risk of side effects with manip¬ 
ulation, which is very low with lumbar manipulation but 
not with cervical manipulation, where many clinical re¬ 
ports have been published of vascular deficiency to struc¬ 
tures of the posterior part of the brain. Recently, a case 
control study (Smith et al. 2003) of 150 patients with ver¬ 
tebral artery dissection and ischemic stroke or transient 
ischemic attacks compared with 300 matched controls 
could demonstrate that spinal manipulative therapy is 
an independent risk factor for vertebral artery dissection 
(odds ratio 6.62,95% Cl 1.4—30). Hence, it can be con¬ 
sidered entirely inappropriate to perform cervical spinal 
manipulative therapy for the symptomatic treatment of 
pain. 
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Synonyms 

High velocity thrust manipulation (HVTM); Mobilisa¬ 
tion With Thrust; Mobilisation With Impulse 

Definition 

Spinal manipulation is a treatment that involves the ap¬ 
plication of a mechanical force to the spine, with the aim 
of moving one or more spinal joints beyond the physio¬ 
logical range and towards the anatomical limit of motion. 
Spinal manipulation is described as Tong lever’ when 
the force is applied some distance from the area where 
it is expected to have its effect, and ‘short lever’ when 
the force is applied to a specific spinal segment. 

Characteristics 

Mechanism 

The mechanism of action of spinal manipulation remains 
unclear. The major theories include: 

• The reduction of disc bulging or prolapse. 

• Stretching of adhesions in the zygapophyseal joint 
capsules or freeing of an entrapped meniscoid from 
a zygapophyseal joint. 

• Correction of spinal misalignment. 

• Inducing muscle relaxation. 

• Stretching of the vertebral ligaments. 

• Release of endogenous opioids. 

• Normalisation of local or regional reflex activity. 

• Normalisation of blood flow. 

• Normalisation of CSF flow. 

• Activation of a central control mechanism. 

• A placebo effect. 

None of these theories is strongly supported by scientific 
evidence. 

Applications 

The indications for spinal manipulation depend on 
what the practitioner has been trained to regard as a 
“manipulable lesion”, i.e. a condition that invites treat¬ 
ment by manipulation. The practitioner decides if the 


patient has such a lesion on the basis of ► medical 
history, ► musculoskeletal examination, and perhaps 
investigations such as ► plain radiography. 

Spinal manipulation may be used as an isolated treat¬ 
ment, or as part of a multimodal management strategy for 
the management of many musculoskeletal conditions. 

Efficacy 

Low Back Pain 

An early systematic review found that patients with un¬ 
complicated, acute low-back pain, treated with spinal 
manipulation, had a 17% greater chance of recovery at 
3 weeks (Shekelle et al. 1992). No other ► Attributable 
Effect was demonstrated. Since thatreview, further stud¬ 
ies have been published, and have been subjected to a 
meta-analysis (Assendelft et al. 2003). 

For patients with acute low back pain, spinal manipu¬ 
lation was superior only to sham therapy and therapies 
judged to be ineffective or even harmful. Spinal manipu¬ 
lation had no statistically or clinically significant advan¬ 
tage over general practitioner care, analgesics, physical 
therapy, exercises, or back school. 

Results for patients with chronic low back pain were sim¬ 
ilar. Radiation of pain, study quality, profession of ma¬ 
nipulator, and use of manipulation alone or in combina¬ 
tion with other therapies did not affect these results. 
The authors concluded that there is no evidence that 
spinal manipulation is superior to other standard treat¬ 
ments for patients with acute or chronic low back pain 
(Assendelft et al. 2003). This conclusion is consis¬ 
tent with that of previous systematic reviews (Koes et 
al. 1996; van Tulder et al. 1997). 

Thoracic Pain 

Scientific data on the efficacy of spinal manipulation for 
thoracic pain is sparse. A recent randomized controlled 
trial, comparing spinal manipulation to non-functional 
ultrasound, has demonstrated significant improvement 
in lateral flexion, and reductions in numerical pain rat¬ 
ings at the conclusion of a 2 to 3 week treatment pe¬ 
riod. At one month follow-up, the changes were main¬ 
tained but were no longer better than in the placebo group 
(Schiller 2001). These results suggest that spinal ma¬ 
nipulation has greater short-term benefits than placebo 
treatment in the management of thoracic pain, but offers 
no sustained benefit. 

Neck Pain 

The effectiveness of spinal manipulation for neck pain 
remains unproven. In one review (Hurwitz et al. 1996), 
the combination of three of the randomized controlled 
trials for patients with subacute or chronic neck pain, 
showed an improvement on a 100 mm visual analogue 
scale of pain at 3 weeks of 12.6 mm (95% confidence 
interval-0.15, 25.5) for manipulation, compared with 
muscle relaxants or usual medical care. This suggests 
that cervical spinal manipulation, at best, provides 
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marginal benefit for some patients with subacute and 
chronic neck pain. 

The most recent systematic review found that manipu¬ 
lation used as a sole treatment consistently showed ef¬ 
fects similar to those of placebo, wait period, or control 
(Gross et al. 2002). It was only if combined with exer¬ 
cises, as part of a multimodal treatment package, that 
there was any detectable benefit of manipulation for neck 
pain. However, in that context, the attributable effects of 
manipulation cannot be distinguished from those of ex¬ 
ercise. 

In a randomized trial of chiropractic manipulation and 
mobilisation for patients with neck pain, both modali¬ 
ties were found to yield comparable clinical outcomes in 
terms of mean reductions in pain and disability (Hurwitz 
et al. 2002). 

Cervicogenic Headaches 

In one controlled trial, the active and control interven¬ 
tions consisted of 6 sessions over 3 weeks (Nilsson et 
al. 1997). The active intervention group received spinal 
manipulation at each session, whereas the control inter¬ 
vention group received deep friction massage to the pos¬ 
terior muscles of the shoulder girdle, the upper thoracic 
and lower cervical regions, plus treatment with a laser 
light in the upper cervical region. One week following 
the final treatment, statistically significant improvement 
was evident in the active intervention group compared 
to the control group, with respect to: decreased use of 
analgesia (36% vs. 0%, p = 0.04), decreased number of 
headache hours per day (69% vs. 37%, p = 0.03), de¬ 
creased headache intensity per episode (36% vs. 17%, 
p = 0.04). Evidence of any longer-lasting effect was not 
provided. 

Migraine 

One controlled trial of spinal manipulation in the man¬ 
agement of migraine consisted of: 2 months of data col¬ 
lection (before treatment), 2 months of treatment, and 
a further 2 months of data collection (after treatment) 
(Tuchin et al. 2000). The active treatment consisted of 
a maximum of 16 sessions of HVTM administered by a 
chiropractor. The control group received detuned inter¬ 
ferential therapy. The average response of the treatment 
group showed statistically significant improvement in 
migraine frequency, duration, disability, and medication 
use, when compared to the control. 

A prospective, randomised, parallel-group comparison 
of spinal manipulation, amitriptyline, and a combination 
of both therapies for the prophylaxis of migraine (Nel¬ 
son et al. 1998), revealed clinically important, but not 
statistically significant, improvement in a headache in¬ 
dex score, in all 3 study groups, compared to baseline. 
The headache index score represents the weekly sum 
of the patient’s daily headache pain score. The authors 
claim that the study shows that HVTM is as effective as 
a well-established and efficacious treatment, amitripty¬ 


line. These results suggest that spinal manipulation is 
an option for certain migraine patients who have failed 
trials of proven conventional treatments. 

Contraindications 

Although certain conditions are almost universally 
acknowledged as contraindications to spinal manip¬ 
ulation, others are seen by some and not others as 
contraindications (Gassin and Masters 2001). 
Universally acknowledged contraindications to spinal 
manipulation include: neoplasia (benign or malignant), 
active infection, active inflammation, neurological 
disorders, instability following trauma, acute spondy- 
lolysis/spondylolithesis, and vertebral or rib fracture. 
Widely accepted contraindications to spinal manipula¬ 
tion are: osteoporosis, bleeding disorders, anticoagu¬ 
lation therapy, radicular pain, radiculopathy, vertebro¬ 
basilar insufficiency, rheumatoid arthritis of the upper 
cervical spine, abnormal spinal anatomy, severe pain or 
distress, past adverse effect from spinal manipulation, 
and hypermobility (including pregnancy). 

Adverse Effects 

Most adverse effects following spinal manipulation are 
benign and of short duration. Local discomfort or pain 
is by far the most common, accounting for approxi¬ 
mately two-thirds of the total adverse effects (Senstad 
et al. 1997). The possible adverse effects of spinal ma¬ 
nipulation, ranked in order of decreasing incidence, are: 
local discomfort, headache, fatigue, discomfort outside 
area of treatment, dizziness, nausea, intervertebral joint 
injury, triggering or exacerbation of neurological symp¬ 
toms, vertebral and rib fracture, vertebral artery injury, 
carotid artery injury, and spinal cord injury. 

Vertebral and internal carotid artery injuries results from 
manipulation of the cervical spine above the C6 spinal 
segment. Most published data suggest an incidence 
of 0.5 - 1 per 1,000,000 manipulations (Hurwitz et 
al. 1996; Haldeman et al. 2002). 

In a review of case reports of accidents due to cervical 
spine manipulation published between 1925 and 1997, 
the most frequently reported injuries involved arte¬ 
rial dissection or spasm, lesions of the brain stem, 
and Wallenberg syndrome. Death occurred in 18% of 
cases (Di Fabio 1999). The incidence of death follow¬ 
ing cervical spinal manipulation has been estimated 
at 0.3 per 1,000,000 (Hurwitz et al. 1996). 
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I- 

Spinal Modulatory Impulses 

Definition 

Nerve impulses generated inside the spinal cord or at 
supraspinal centers that modulate the transmission of 
primary impulses through projection spinal neurons. 

► Spinothalamic Tract Neurons, Morphology 

I- 

Spinal Multipolar Neuron 

Definition 

Spinal lamina I neuron with an ovoid cell body and den¬ 
dritic tree oriented rostrocaudally and ventrally, highly 
ramified near the cell body and covered by numerous 
multishaped, often long pedicled spines. 

► Spinothalamic Tract Neurons, Morphology 


I- 

Spinal Nerve Block 

► Pain Treatment, Spinal Nerve Blocks 


I- 

Spinal Nerve Ligation Model 

Synonyms 

Chung Model; SNL 

Definition 

Spinal nerve ligation, also known as the “Chung” model, 
is currently one of the most frequently used models for 
nerve injury and neuropathic pain behavior in animals 
(rats/mice; Kim and Chung, 1992). The lumbar 5 spinal 
nerve is ligated with silk suture just distal to the L5 
DRG. Usually, the spinal nerve is then cut just distal to 
the ligation. In some cases, the lumbar 6 spinal nerve is 
also ligated and cut. In non-injured animals, the distal 
axons of L4 and L5 neurons co-mingle in the sciatic 
nerve and innervate overlapping territories in the skin. 
After L5 spinal nerve ligation, the distal axons of the L5 
nerve degenerate within the sciatic nerve. It is thought 
that inflammatory and immune processes involved in 
the degeneration of the distal L5 fibers then affect the 
adjacent “uninjured” L4 nerve fibers, causing func¬ 
tional changes in the L4 neurons. The advantage of this 
model, compared to other nerve injury models, is that 
all L5 DRG neurons are directly injured whereas the 
adjacent L4 DRG neurons remain intact. This allows 
anatomical and functional analyses to be performed on 
injured and adjacent DRG neurons separately. 

► Immunocytochemistry of Nociceptors 

► Neuropathic Pain Model, Partial Sciatic Nerve Liga¬ 
tion Model 

► Neuropathic Pain Model, Spinal Nerve Ligation 
Model 

► Peptides in Neuropathic Pain States 

► Purine Receptor Targets in the Treatment of Neuro¬ 
pathic Pain 
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I- 

Spinal (Neuraxial) Opioid Analgesia 

Definition 

For selected patients, the spinal route of drug delivery 
may be used for opioid analgesics. Opioids are adminis¬ 
tered via catheters placed in the epidural or intrathecal 
(subarachnoid) space. The spinal route of administra¬ 
tion allows the drug to be delivered in close proximity to 
opioid receptors in the dorsal horn of the spinal cord, of¬ 
ten permitting effective analgesia at considerably lower 
doses than would be required if a systemic route of drug 
administration were used. 
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► Cancer Pain Management, Opioid Side Effects, Un¬ 
common Side Effects 

I- 

Spinal Pyramidal Neuron 

Definition 

Spinal lamina I neuron with a triangular prism-shaped 
cell body partly encased in the overlying white matter 
hy its dorsal portion, and a dendritic tree occupying a 
similarly shaped domain with branches oriented rostro- 
caudally, mediolaterally and dorsally. 

► Spinothalamic Tract Neurons, Morphology 

I- 

Spinal Radicular Arteries 

Definition 

Small arterial branches that course through the interver¬ 
tebral foramina adj acent to the exiting spinal nerve roots. 
In the cervical region, the radicular arteries arise from 
the vertebral artery and supply the spinal cord via the 
anterior and posterior spinal arteries. 

► Cervical Transforaminal Injection of Steroids 

I- 

Spinal Reflex 

Definition 

A reflex with the reflex center in the spinal cord. The no¬ 
ciceptive tail-flick reflex is a spinal reflex that is present 
after a transaction of the spinal cord above the lumbar 
level, however, it has been suggested that for longer tail- 
flick latencies supraspinal structures may be involved. 

► Tail-Flick Test 

I- 

Spinal Root Disease 

Definition 

A radiculopathy caused by compression, inflammation, 
ischemia, or tumor. 

► Radiculopathies 

I- 

Spinal Segment 

Definition 

Morphological division of the spinal cord based on the 
dorsal root ganglia and ventral roots. The cervical, tho¬ 
racic, lumbar and sacral cord have 8,12,5, and 5 pairs of 
roots, respectively. They are arranged rostro-caudally, 


and their length or width is correlated with the nerve 
function innervating the peripheral tissue. 

► Morphology, Intraspinal Organization of Visceral Af- 
ferents 


I- 

Spinal Sensitization 

Definition 

Central sensitization refers to a state of increased synap¬ 
tic efficacy, established in spinal dorsal horn neurons fol¬ 
lowing intense peripheral noxious stimulation, a tissue 
injury, inflammation or nerve damage. ► Central sensi¬ 
tization is associated with spontaneous DH neuron activ¬ 
ity, the recruitment of responses from neurons that nor¬ 
mally only respond to low-intensity stimuli (i.e. altered 
neural connections), and expansion of DH neuron recep¬ 
tive fields. 

► Nick Model of Cutaneous Pain and Hyperalgesia 

► Peptides in Neuropathic Pain States 


I- 

Spinal Stenosis 

Definition 

Narrowing of the anterior-posterior dimension of the 
spinal canal. 

► Chronic Back Pain and Spinal Instability 

► Sacroiliac Joint Pain 


I- 

Spinal Subarachnoid Space 

Definition 

The space surrounding the spinal cord and containing 
the cerebrospinal fluid. 

► Cancer Pain Management, Anesthesiologic Interven¬ 
tions, Neural Blockade 


I- 

Spinal Tract of the Trigeminal Nerve 

Definition 

The central processes of trigeminal ganglion cells that 
descend in the lateral brainstem to terminate in the caudal 
spinal trigeminal nucleus. The spinal tract of the trigemi¬ 
nal nerve gives off collaterals to provide input for trigem¬ 
inal reflexes, and convey nociceptive information from 
the head and face to the subnucleus caudalis. 

► Trigeminothalamic Tract Projections 
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I- 

Spinal Transection 

Definition 

Spinal Transection is a surgical procedure in which the 
spinal cord is severed. 

► Opioids and Reflexes 

I- 

Spinal Trigeminal Complex 

The Spinal Trigeminal Complex consists of the spinal 
trigeminal tract, which contains the primary sensory af- 
ferents, descending from the trigeminal root entry into 
the pons to the first cervical segments, and the spinal 
trigeminal nucleus, which mediates thermal-pain sensi¬ 
tivity and consists of three subnuclei, oral (in the pons), 
interpolaris (in the upper medulla), and caudalis (in the 
lower medulla and first cervical segments). 

► Jaw-Muscle Silent Periods (Exteroceptive Suppres¬ 
sion) 

I- 

Spinoannular 

Definition 

The projection from the spinal cord to the periaqueductal 
gray (PAG) is known as the spinoannular pathway. 

► Spinomesencephalic Tract 

I- 

Spinohypothalamic Neurons 

Definition 

Neurons with cell bodies in the spinal cord and axonal 
projections with sites of termination in the hypothala¬ 
mus. 

► Spinal Ascending Pathways, Colon, Urinary Bladder 
and Uterus 

I- 

Spinohypothalamic Tract, Anatomical 
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Definition 

Neuron whose cell body and dendrites are located in 
the spinal cord, and whose axon projects to or through 


the hypothalamus, decussates in the posterior optic 
chiasm, turns posteriorly and descends in the other side 
of the brain. The axon or collateral branches of the 
spinohypothalamic neuron terminate in both sides of 
the hypothalamus, thalamus, superior colliculus, and 
reticular formations in the midbrain, pons, and medulla 
(Fig. 1). The axons of spinohypothalamic neurons form 
a nociceptive tract that is responsible for conveying 
information to the brain that mainly contributes to the 
affective component of pain, including various reflexes, 
endocrine adjustments, and emotional changes caused 
by pain. 

Characteristics 

Spinohypothalamic neurons are a type of sensory projec¬ 
tion neuron. The axons of spinohypothalamic neurons 
form the spinohypothalamic tract, which is one of sev¬ 
eral sensory pathways that transmit nociceptive signals 
from the spinal cord to the brain (Giesler et al. 1994). 
Locations of the spinohypothalamic neurons in the 
spinal cord have been determined using ► retrograde 
labeling (Burstein et al. 1990) and ► antidromic activa¬ 
tion techniques (Burstein et al. 1991;Zhangetal. 1995). 
Spinohypothalamic neurons are found throughout the 
length of the spinal cord, and are concentrated in three 
main regions: the marginal zone; the lateral reticulated 
area; and the area surrounding the central canal. These 
three areas receive direct input from primary afferent 
► nociceptors, contain many nociceptive neurons, and 
contribute large numbers of neurons to other ascending 
nociceptive tracts. It was estimated that the total num¬ 
ber of spinothalamic and spinohypothalamic neurons 
are similar in rats (Burstein et al. 1990; Burstein et 
al. 1990) suggesting that the spinohypothalamic tract 
is large, and it may also make important contributions 
to nociceptive processing. 

The trajectory and termination of the axons of the 
spinohypothalamic neurons have been examined us¬ 
ing antidromic activation (Zhang et al.1995; Dado et 
al. 1994a; Kostarczyk et al. 1997) and ► anterograde 
labeling techniques (differ et al. 1991; Newman et 
al. 1996). The axons cross the midline and ascend in the 
lateral funiculus on the side contralateral to the cell body 
(Dado et al. 1994b). In the brainstem, the axons ascend 
through the lateral reticular formation to the level of 
the contralateral thalamus (Kostarczyk et al. 1997). 
Within the thalamus, spinohypothalamic axons ascend 
within the supraoptic decussation, a small area of white 
matter medially adjacent to the optic tract, to the rostral 
ventral hypothalamus (differ et al. 1991). In the rostral 
ventral hypothalamus the axons cross the midline in the 
posterior optic chiasm, enter the ipsilateral hypotha¬ 
lamus, turn caudally and descend along the identical 
path in which they ascended in the contralateral brain 
(Zhang et al. 1995). Axons descend and terminate in 
the ipsilateral hypothalamus, thalamus, midbrain, pons, 
and some axons project as far as caudally the rostral 
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medulla. The axons of the spinohypothalamic neurons 
and their collateral branches terminate bilaterally in 
many nuclei within hypothalamus, thalamus, superior 
colliculus, and reticular formation of the brainstem. 


Spinal Fusion for Chronic Back Pain, Figure 1 Schematic drawing of the spino¬ 
hypothalamic neuron with its axon projecting trajectory in the brain. From Zhang et 
al. (1995). Abbreviations: 3V, third ventricle; AH, anterior hypothalamus area; Apt, an¬ 
terior pretectal nucleus; Aq, aqueduct; BIC, brachium inferior colliculus; CG, central 
gray; CN, cuneiform nucleus; F, fornix; GP, globus pallidus; GR, gigantocellular reticu¬ 
lar nucleus; III, oculomotor nucleus; InC, inferior colliculus; LL, lateral lemniscus; MG, 
medial geniculate nucleus; ML medial lemniscus; MtT, mammillothalamic tract; NB, 
nucleus brachium inferior colliculus; NLL, nucleus of the lateral lemniscus; OC, optic 
chiasm; OT, optic tract; PN, pontine nucleus; Po, posterior thalamic nucleus; PSV, prin¬ 
cipal sensory nucleus of the trigeminal nerve; Py, pyramidal tract; RM, nucleus raphe 
magnus; SC, superior colliculus; SoD, supraoptic decussation; SoN, supraoptic hy¬ 
pothalamic nucleus; VII, facial nucleus; VbC, ventrobasal complex; VmH, ventromedial 
hypothalamic nucleus; Zl, zona incerta. 


Through this long and complex projection, the axons of 
the spinohypothalamic neurons are capable of carrying 
nociceptive information bilaterally to many areas in the 
diencephalon and brainstem, which are involved in the 
production of various responses to noxious stimuli. 
Responses of the spinohypothalamic neurons to nox¬ 
ious somatic and visceral stimuli have been described 
(Burstein et al. 1991; Dado et al. 1994c; Katter et 
al. 1996; Zhang et al. 2002). The overwhelming ma¬ 
jority of the spinohypothalamic neurons responded 
strongly to noxious mechanical stimuli applied to the 
skin. Many were also powerfully activated by noxious 
thermal stimuli. Spinohypothalamic neurons also re¬ 
spond to noxious visceral stimuli such as rectal, vaginal 
and bile duct distension. Fig. 2 shows that a spinohy¬ 
pothalamic neuron responded to noxious mechanical 
and thermal stimuli applied to the skin. This spinohy¬ 
pothalamic neuron was located in the marginal zone of 
the lumbar spinal cord (Fig. 2b), its axon projected to 
the contralateral hypothalamus (Fig. 2a). The neuron 
had a small cutaneous receptive field located in the 
ipsilateral hindpaw (Fig. 2c). The neuron responded to 
innocuous brushing of the skin, but responded much 
more vigorously to noxious stimuli applied to the skin 
(Fig. 2d). The neuron also responded with increasing 
intensity to a series of ascending heat stimuli applied 
to the receptive field (Fig. 2e). 

Spinohypothalamic neurons are likely to contribute 
mainly to ► affective responses, although they may 
also contribute to ► sensory discrimination through 
collateral branches within the thalamus. Through the 
terminations and collateral branches in the hypothala¬ 
mus, spinohypothalamic neurons carry information to 
the hypothalamus that is likely to be involved in pain- 
related endocrine adjustments or emotional reactions, 
while the terminations and collateral branches in the 
brainstem reticular formation and superior colliculus 
may be involved in pain related somatic and visceral 
reflexes. Thus, spinohypothalamic neurons, with their 
long and complicated axonal projections on both sides 
of the brain, may directly affect the activity in many 
areas in the brain that are known to be involved in the 
production of autonomic, neuroendocrine, and affective 
responses to noxious stimuli. 
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Spinohypothalamic Tract, 
Anatomical Organization 
and Response Properties, 

Figure 2 Characterization of a 
spinohypothalamic neuron, (a) 
Locations of tracks of a stimulating 
electrode in the hypothalamus, 
showing thresholds for antidromic 
activation and a low-threshold 
point in the supraoptic decussation 
(circled), (b) Drawing of lesion 
marking the recording location, (c) 
receptive field, (d) Oscillographic 
tracing of responses to brush (BR), 
pressure (PR), pinch (PN), and 
squeeze (SQ) of the receptive field, 
(e) Responses to noxious heat. 
Temperature tracings are presented 
above responses. From Burstein 
et al. (1991). Abbreviations: (f) 
fornix; 1C, internal capsule; MTT, 
mammillothalamic tract; OT, optic 
tract; VBC, ventrobasal complex; Zl, 
zona incerta. 
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I- 

Spinomedullary Neurons 


Definition 

Neurons with cell bodies in the spinal cord and axonal 
projections with sites of termination in the medulla. 

► Spinal Ascending Pathways, Colon, Urinary Bladder 
and Uterus 
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I- 

Spinomesencephalic Neurons 

Definition 

Neurons with cell bodies in the spinal cord and axonal 
projections with sites of termination in the midbrain. 

► Spinal Ascending Pathways, Colon, Urinary Bladder 
and Uterus 


I- 

Spinomesencephalic Tract 

Robert P. Yezierski 
Comprehensive Center for Pain Research and 
Department of Neuroscience, McKnight Brain 
Institute, Gainesville, FL, USA 
ry ezierski @ dental, ufl .edu 

Synonyms 

SMT 

Definition 

The spinomesencephalic tract (SMT) with its varied ori¬ 
gins, spinal trajectories and sites of termination is often 
described as having a prominent role in nociception. This 
ascending projection is a collection of pathways origi¬ 
nating throughout all levels of the spinal cord and ter¬ 
minating in different targets throughout the midbrain. 
Three prominent pathways represent the spinomesen¬ 
cephalic projection system, including the spinotectal, 
spinoannular and spinoparabrachial tracts that project 
respectively to the superior colliculus, periaqueductal 
and parabrachial regions. 

Characteristics 

Although there are some variations among species, the 
majority of cells belonging to the spinomesencephalic 
tract (SMT) are found in laminae I, III-V, VII and X 
at all levels of the cord (Menetrey et al. 1982; Wiberg 
and Blomqvist 1984). Many cells belonging to the 
SMT have collateral, including bilateral, projections 
to the thalamus and medullary reticular formation and 
some have ascending as well as descending projections 
(Yezierski and Mendez 1991). In the primate, neurons 
classified as SMT- spinothalamic tract (STT) are located 
primarily in laminae I, V, VII and X. In general, fewer 
SMT-STT neurons are found in the lumbar compared to 
the cervical segments. The number of SMT cells in the 
monkey was estimated to be approximately 10,000 with 
75% having projections to the contralateral midbrain 
(Zhang et al. 1990). Chemically, a subpopulation of 
SMT cells stain for the enzyme glutaminase; thus the 
excitatory amino acid glutamate may be a transmitter in 
this pathway (Willis and Coggeshall 2004). ► Lamina 
I SMT cells projecting to the parabrachial region stain 


positive for dynorphin or enkephalin, implicating these 
peptides as transmitter candidates in this component of 
the SMT. ► Substance P (sub P) receptors are located on 
this same population of SMT neurons. The presence of 
► serotonin (5-HT) immunoreactive contacts suggests 
that these cells are influenced by descending pathways 
from the medulla. The spinal trajectory of SMT axons 
includes the ventral lateral funiculus, although there 
is evidence that the lamina I component of this path¬ 
way ascends in the dorsal part of the lateral funiculus 
(Hylden et al. 1986; Swett et al. 1985). 

The primary projection targets of the SMT include 
three prominent regions of the mesencephalon: (1) the 
caudal midbrain, including the nucleus cuneiformis, 
parabrachial nucleus and ► periaqueductal gray (PAG), 
(2) the intercollicular region, including the nucleus 
cuneiformis, PAG, intercollicular nucleus and deep lay¬ 
ers of the superior colliculus and (3) the rostral midbrain, 
including the PAG, the nucleus of Darkschewitsch and 
the anterior and posterior pretectal nuclei. The majority 
of ascending projections terminate contralateral to the 
site of origin (Wiberg and Blomqvist 1984; Yezierski 
1988). 

One of the principal targets of the spinomesencephalic 
projection is the PAG. Originating from cells in all 
laminae of the gray matter and at all levels of the spinal 
cord, the spino-PAG component of the SMT is well 
suited to relay afferent information throughout the 
midbrain. Although the functional significance of this 
input is unknown, the PAG is involved in the con¬ 
trol of blood pressure, defense reactions, respiration 
and vocalization, reproductive behavior, stomach and 
bladder motility, grooming and analgesic mechanisms 
(Depaulis and Bandler 1991). The SMT may, there¬ 
fore, represent an important component of afferent 
systems contributing input to neural substrates directly 
or indirectly involved in carrying out these functions. 
The response properties of SMT cells have been studied 
in rat, cat and monkey (Hylden et al. 1986; Menetrey 
et al. 1980; Yezierski and Broton 1991; Yezierski and 
Schwartz 1986; Yezierski et al. 1987). Functional 
properties include a range of complex and restricted 
excitatory RF’s, often including complex inhibitory 
components. Some neurons have prolonged afterdis¬ 
charges. Consistent with the SMT projection having a 
prominent role in nociception, cells belonging to this 
pathway respond to noxious mechanical and thermal 
stimuli, including inputs from cutaneous and/or deep 
structures (e.g. joints, muscles and viscera) (Hylden et 
al. 1986; Menetrey et al. 1980; Yezierski and Schwartz 
1986; Yezierski and Broton 1991; Yezierski et al. 1987; 
Yezierski 1990). These observations, as well as the var¬ 
ied functions associated with SMT projection targets, 
support a role of the SMT in sensory, motor and visceral 
functions. The varied conduction velocities of axons 
belonging to the SMT reflect the fact that SMT cells 
vary in size. Cells located in the superficial laminae 
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routinely have slower axons compared with cells in 
deeper laminae. 

Based on responses to mechanical stimuli and input 
from deep structures (muscles and joints), the response 
profiles of SMT cells in the lumbosacral and upper cer¬ 
vical spinal can be divided into three major categories: 
(a) wide dynamic range (WDR), (b) high threshold (HT) 
and (c) deep/tap (D). Responses to peripheral stimuli in¬ 
clude both excitatory and inhibitory effects (McMahon 
and Wall 1985; Yezierski 1990; Yezierski and Broton 
1991; Yezierski and Schwartz 1986; Yezierski et al. 
1987). Although the functional properties of SMT cells 
in different laminae have been most frequently studied 
in the cat (Hylden et al. 1986; Yezierski 1990; Yezier¬ 
ski and Schwartz 1986; Yezierski and Broton 1991), 
similar cell types are described in the rat (Menetrey et 
al. 1980) and monkey (Yezierski et al. 1987; Zhang et 
al. 1990). SMT neurons in the monkey projecting to the 
PAG may evoke components of the systemic response 
to neurogenic hyperalgesia, as evidenced by responses 
to intradermal capsaicin. The functional heterogeneity 
of SMT cells is exemplified by the three patterns of re¬ 
sponse of primate SMT cells to intradermal capsaicin, 
which appear to be dependent on the functional regions 
of the PAG to which they project. (Dougherty et al. 
1999). The lamina I component of the SMT projecting 
to the parabrachial region is made up of high-threshold 
neurons believed to be part of a pathway that contributes 
to the ► motivational-affective aspects of pain. 

The heterogeneity of the SMT cell population is ex¬ 
emplified by the responses and receptive field (RF) 
organization of cells belonging to this pathway. Cells 
with complex RFs that include the hind limbs, fore¬ 
limbs and/ or oral-facial structures have been described 
(Menetrey et al. 1980; Yezierski 1990; Yezierski and 
Broton 1991; Yezierski and Schwartz 1986). SMT 
cells in the upper cervical cord are a heterogeneous 
mix and often have collateral projections to midbrain 
and thalamus and complex receptive fields involving 
muscle, cornea, dura, testicles and skin. In the primate 
SMT, cells projecting to midbrain have complex fields, 
while those projecting to thalamus and midbrain have 
restricted excitatory RF’s. SMT cells, regardless of 
segmental location, receive input from large portions of 
the body. Because of this, it is unlikely that these cells 
are important in stimulus localization. Since the com¬ 
plex RFs of SMT cells are due, in part, to descending 
influences (Yezierski 1990), these cells may constitute a 
component of the SMT involved in a positive feedback 
loop responsible for autonomic and motor reflexes in 
the spinal cord. Alternatively, these cells may provide 
input compatible with the known arousal functions of 
the reticular activating system. Consistent with this are 
reactions commonly associated with the delivery of 
noxious stimuli, including changes in motor behavior, 
respiration and alterations in cardiovascular function, 
changes in blood pressure, heart rate and resistance in 


peripheral vascular beds (Bandler et al. 1991). Lamina 
1 cells belonging to the parabrachial projection largely 
reflect the functional properties of parabrachial neurons 
suggesting an involvement in the autonomic and emo¬ 
tional/aversive aspects of pain. The spinoparabrachial 
component of the SMT, which further relays input to the 
amygdala, hypothalamus and bed nucleus of the stria 
terminalis provide afferent input to a major integration 
site for the autonomic and emotional/aversive aspects 
of pain. 

Although the responses of SMT cells have been most 
commonly evaluated with mechanical and thermal stim¬ 
uli, chemical agents including intramuscular injection 
of hypertonic saline and intravenous serotonin (i. v. 
5HT) have also been described (Yezierski and Broton 
1991). SMT cells have been proposed to contribute to 
the spinal mechanism responsible for the development 
of pain associated with spinal injury. Following injury, 
cells belonging to this pathway have increased sponta¬ 
neous activity, expanded RF’s, increased responses to 
mechanical and thermal stimuli and long afterdischarge 
responses (Yezierski and Park 1993). These changes in 
functional state of SMT cells correlate with increased 
behavioral responses to mechanical and thermal stimuli 
following injury. 

In order to gain a thorough appreciation of the potential 
functional importance of the SMT, one must acknowl¬ 
edge the varied functions associated with different re¬ 
gions of the midbrain. For example, if one considers the 
autonomic and somatomotor responses elicited by nox¬ 
ious stimuli and couples this with the control of blood 
pressure, respiration and vocalization and defense reac¬ 
tions associated with midbrain regions overlapping the 
SMT projection, what emerges is a functional relation¬ 
ship between SMT input to the midbrain and behavioral 
responses to noxious stimuli. Similarly, the relationship 
between responses of SMT cells to stimulation of the 
genitals and perineal region and the role of PAG in repro¬ 
ductive behavior suggests a functional role of the SMT 
in this behavior. 

The functional significance of the SMT would not 
be complete without consideration of the descending 
control system. To this end, the spinomesencephalic 
projection overlaps with sites producing analgesia and 
the inhibition of nociceptive spinal neurons (Hammond 
1986; Gerhart et al. 1984). The distribution of mid¬ 
brain neurons projecting to medullary raphespinal and 
reticulospinal neurons also overlaps with the terminal 
domain of the SMT. Consistent with a feedback loop 
between SMT projection targets and descending control 
pathways are reports that stimulation at midbrain sites 
used to antidromically activate SMT cells also inhibits 
evoked responses of these cells (Yezierski and Schwartz 
1986; Yezierski 1990). The effects of PAG stimulation 
on SMT cells in the lumbosacral spinal cord are not 
limited to inhibition. Given the distribution of PAG 
sites producing analgesia and aversive reactions, it is 
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not surprising that excitatory and mixed effects can be 
obtained with PAG stimulation. Descending excitatory, 
inhibitory or mixed effects may be exerted on cells at 
different levels of the cord for reflex, e.g. autonomic and 
motor control, or for purposes of stimulus localization. 
The fact that the SMT is involved in the relay of so¬ 
matosensory input to a region with complex functional 
significance supports the notion that this pathway is an 
integral part of a supraspinal control center. Although 
the emphasis of effects produced by PAG stimulation 
has been on analgesia and inhibition, it is important 
to point out that the PAG stimulation effects are not 
limited to inhibition and probably have a functional 
significance much broader than the analgesic effects 
that have been described. For example, the excitatory 
effects of PAG stimulation may facilitate segmental 
reflex activity. It is also possible that there are different 
functional compartments within the PAG that exert 
varied effects on different populations of tract cells and 
intemeurons in different spinal laminae. 

Conclusions 

The results of anatomical investigations (anterograde 
and retrograde studies) have provided definitive proof 
for the existence of a spinal projection to different re¬ 
gions of the midbrain. The spinal distribution of cells 
responsible for this projection and the response proper¬ 
ties of SMT cells are all consistent with an involvement 
in conveying information related to the modalities of 
touch, pressure, pain and temperature to supraspinal 
targets. Although the functional relevance of these stud¬ 
ies provides the basis for the clinical significance of 
the SMT projection, any assessment of these functions 
cannot be made without acknowledging the functional 
organization of the midbrain. To this end, discussions 
related to cardiovascular and reproductive function, 
respiration, vocalization and analgesic mechanisms 
must be considered. Somatosensory input to different 
regions of the midbrain may not alone trigger any of 
these functions, but in concert with other afferent sys¬ 
tems it may be involved in producing a repertoire of 
behaviorally appropriate responses to different stimulus 
conditions. 
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I- 

Spinoparabrachial Neurons 

Definition 

Neurons with cell bodies in the spinal cord and axonal 
projections with sites of termination in the parabrachial 
nucleus. 

► Spinal Ascending Pathways, Colon, Urinary Bladder 
and Uterus 

I- 

Spinoparabrachial Pathway 

Definition 

The projection from the spinal cord to the parabrachial 
region in the caudal midbrain is known as the spinopara¬ 
brachial pathway. 

► Spinomesencephalic Tract 
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I- 

Spinoparabrachial Tract 

Alan R. Light 
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Synonyms 

Part of the spinoreticular tract 

Definition 

Neurons in the spinal cord, and their axons that project 
and terminate in the parabrachial nuclei of the brain. 
Many of these neurons are found in the most superfi¬ 
cial regions of the dorsal horn (Rexed’s lamina 1) and 
respond best to nociceptive inputs (Bester et al. 2000; 
Hylden et al. 1985; Light et al. 1993). The parabrachial 
nuclei are at the junction between the midbrain and 
the pons and are found immediately adjacent to the 
brachium conjuntivum (the superior cerebellar pedun¬ 
cle) as it ascends from the pons, through the midbrain. 
The function of these neurons in the perception of 
pain is unknown (for more information on the function 
of this pathway see ► parabrachial hypothalamic and 
amydaloid projections and Bernard and Besson 1990). 

Characteristics 

Nociceptive neurons (neurons capable of encoding 
information discriminating between tissue damaging 
and non-damaging stimuli) are concentrated in the 
most superficial layers of the spinal cord (laminae 1 
and 2) and the neck of the dorsal horn (lamina 5). 
Laminae 1 and 5 contain many neurons that project 


to supraspinal regions of the brain, including the tha¬ 
lamus and brainstem (see ► spinohypothalamic tract, 
anatomical organization and response properties and 
other entries on spinothalamic tracts). 

One region of the brainstem that receives many projec¬ 
tions from lamina 1 is the region at the junction of the 
pons and midbrain adjacent to the superior cerebellar pe¬ 
duncle called the parabrachial region (see Fig. 1). 

This projection is more prominent contralaterally than 
ipsilaterally(Blomqvistetal. 1989;Cechettoetal. 1985; 
Craig 1995; Kitamura et al. 1993; Panneton and Burton 
1985; Slugg and Light 1994). As many as 50% of the 
projection neurons in lamina 1 project to this region via 
very slowly conducting axons (<4 M/sec). The neurons 
mostly respond only to nociceptive stimuli or to innocu¬ 
ous cooling, with only a few responding to both innocu¬ 
ous and noxious stimuli (Bester et al. 2000; Hylden et al. 
1985; Light et al. 1993). Figure 2 shows some responses. 
The pathway has been identified in rats, cats, mon¬ 
keys and other species. Its prominence in man is un¬ 
known. 

The parabrachial region to which the lamina 1 neurons 
project, itself projects to the amygdala, thalamus and hy¬ 
pothalamus (e.g. Bernard and Besson 1990), allowing 
the possibility that information from this pathway may 
reach higher brain centers, especially those centers in¬ 
volved in emotional and hormonal responses to pain (see 
entry described above for more information). 

The parabrachial region also receives inputs from vis¬ 
ceral centers, thus leaving open the possibility that 
viscero-pain interactions may occur at this level of the 
CNS (Cechetto et al. 1985, Menetrey and de Pommery 
1991; Saper 1995). 

Lesions of the parabrachial region have been associated 
with increased pain behavior, leading some to postulate 


s 


spinoparabrachial pathway 



Spinoparabrachial Tract, 

Figure 1 Diagram of the 
Spinoparabrachial Tract. Nociceptive 
primary afferent axons synapse on 
superficial dorsal horn neurons. 
Superficial dorsal horn cell 
(bottom panel) projects through 
the contralateral white matter to 
the lateral parabrachial region to 
terminate on cells in this region. Most 
of the projections are contralateral 
(indicated by 60% in the diagram) 
while some are ipsilateral or bilateral 
(indicated by 40% in the diagram). 
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Spinoparabrachial Tract, Figure 2 Responses of 3 different spinopara- 
brachial neurons from cat. Action potential rate (action potentials per sec¬ 
ond) is on the Y axis while time in seconds is on the X axis. The indicated 
stimuli were applied during the bars. Brush is innocuous brush with a 
camel’s hair brush; Cool is applying cool water (10 - 15 °C), Pinch is 
pinching the skin with flat forceps, nox. Heat is applying 55 "C heat with a 
heat probe. Warm is applying 37”C heat with a heat probe. Noxious cold 
is applying ethyl chloride spray. All units were identified by antidromic 
stimulation of the contralateral parabrachial region. 


that this region may be involved in the descending con¬ 
trol of pain (Wall et al. 1988). Still other researchers have 
stressed the role of the spinoparabrachial pathway in the 
enhanced pain induced by inflammation and neuropa¬ 
thy (Bester et al. 1997; Buritova et al. 1998; Nahin et al. 
1992). 



I- 

Spinopetal Modulation of Pain 


► Descending Facilitation and Inhibition in Neuro¬ 
pathic Pain 


I- 

Spinoreticular Neurons 
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Definition 

Neurons with cell bodies in the spinal cord and axonal 
projections with sites of termination in supraspinal retic¬ 
ular structures. 

► Spinal Ascending Pathways, Colon, Urinary Bladder 
and Uterus 































Spinothalamic Input, Cells of Origin (Monkey) 2259 


I- 

Spinosolitary Neurons 

Definition 

Neurons with cell bodies in the spinal cord and axonal 
projections with sites of termination in the nucleus trac- 
tus solitarius. 

► Spinal Ascending Pathways, Colon, Urinary Bladder 
and Uterus 


I- 

Spinotectal 


Figure 1 illustrates the distribution of spinothalamic tract 
cells that were retrogradely labeled following the injec¬ 
tion of cholera toxin subunit B into the ► ventral poste¬ 
rior lateral (VPL) nucleus of the thalamus of a monkey 
(Willis et al. 2001). The injection site is shown in Fig. 1 a. 
In the cervical and lumbosacral enlargements, numer¬ 
ous labeled neurons were observed in laminae I, V and 
VI (Fig. lb). A few labeled cells were found in laminae 
II-IV and in the ventral horn. Spinothalamic tract cells 
in the thoracic and upper lumbar spinal cord had simi¬ 
lar locations as in the enlargements, but the density of 
labeled cells was smaller. 


Definition 

The projection from the spinal cord to the superior col¬ 
liculus, especially the deep layers, is known as the spino¬ 
tectal pathway. 

► Spinomesencephalic Tract 
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Synonyms 

Spinothalamic neurons; Spinothalamic Tract Cells 

Definition 

A spinothalamic tract cell is a neuron whose cell body 
and dendrites are located in the spinal cord and whose 
axon projects to and terminates in the thalamus, usually 
on the side contralateral to the cell body. The spinotha¬ 
lamic tract is a major pathway by which nociceptive in¬ 
formation is conveyed to the thalamus and from there 
to the cerebral cortex, leading to the perception of pain 
as well as to motivational-affective responses to painful 
stimuli. 

Characteristics 

The locations of the cells of origin of the primate 
spinothalamic tract have been mapped anatomically 
using the ► retrograde tracing technique (Apkarian and 
Hodge 1989; Willis et al. 1979; Willis et al. 2001) and 
electrophysiologically by ► antidromic microstimula¬ 
tion within the thalamus while recording from spinal 
cord neurons (Applebaum et al. 1979; Giesler et al. 
1981; Zhang etal. 2000). 



5mm 



of injection of cholera toxin subunit B in the ventral posterior lateral nucleus 
of the thalamus. The injection spread into several adjacent nuclei that do 
not receive spinal projections, but not into the ventral posterior inferior 
nucleus, posterior complex or central lateral nuclei. In (b) are drawings 
of representative transverse sections through the spinal cord at different 
segmenlal levels from Cl-2 through SI-3. The locations of retrogradely 
labeled spinothalamic tract cells are indicated. The total counts of cell 
profiles for different levels are indicated on the drawings for the side of 
the cord contralateral (left) and ipsilateral (right) to the injection. (From 
Willis etal. 2001). 
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In the uppermost cervical spinal cord, there was a large 
population of labeled neurons in the ► lateral cervical 
nucleus; these give rise to the cervicothalamic tract 
(Willis and Coggeshall 2003). There were also large 
numbers of labeled neurons in the neck of the dorsal 
horn at C1-2. 

The antidromic mapping technique reveals a compara¬ 
ble distribution of spinothalamic tract cells in the lum¬ 
bar enlargement of monkeys, as shown in Fig. 2 (Zhang 
et al. 2000). In these experiments, all of the microstim¬ 
ulation sites were in the ventral posterior lateral thala¬ 
mic nucleus (Fig. 2a), except for one site that was in the 
suprageniculate nucleus (Fig. 2b). The antidromically 
activated spinothalamic tract cells were concentrated in 
laminae I and IV-V. An advantage of this approach is 
that the response properties of the recorded spinothala¬ 
mic cells can be determined. The cells whose locations 
are shown in Fig. 2c were classed as ► wide dynamic 
range (WDR), ► high threshold (HT) or ► low thresh¬ 
old (LT), according to their responsiveness to graded me¬ 
chanical stimuli applied to their receptive fields. WDR 
cells respond to innocuous and noxious stimuli, but best 
to noxious intensities. HT cells respond essentially only 
to noxious stimuli. LT cells respond to innocuous and not 
to noxious stimuli. 

The dendrites of spinothalamic tract cells in lamina I are 
oriented longitudinally, as shown in Fig. 3a in a hori¬ 
zontal section of the spinal cord after retrograde labeling 
from the thalamus using cholera toxin subunit B (Zhang 


and Craig 1997). Based on the configuration of the den¬ 
drites, lamina I spinothalamic cells could be subdivided 
into fusiform (47%), pyramidal (27%) and multipolar 
(22%) types (Zhang and Craig 1997). 

By contrast, the dendrites of spinothalamic tract cells in 
the deep dorsal horn are oriented transversely, as illus¬ 
trated in Fig. 3b and c in histological reconstructions of 
antidromically identified spinothalamic cells that were 
injected intracellularly with horseradish peroxidase 
(Surmeier et al. 1988). In some cases, the dendrites 
extended dorsally as far as to lamina I (Fig. 3b); in other 
cases the dendrites spread chiefly ventrally (Fig. 3c). 
The classification of the spinothalamic tract cell in 
Fig. 3B was WDR and that of the neuron shown in 
Fig. 3c was HT. 

In recordings from 53 lamina I spinothalamic tract cells 
in monkeys, 69% were of the WDR type and 29% of the 
HT type; only 2% were LT (Owens et al. 1992). Of 155 
spinothalamic tract cells in laminae IV-VI, 59% were 
classified as WDR, 22% HT and 20% as LT cells. 

The receptive fields of spinothalamic neurons that ter¬ 
minate in the ventral posterior lateral nucleus of the tha¬ 
lamus can be quite small, or they may be medium sized 
or even large, but they are usually limited to a single 
limb (Giesler et al. 1981). Spinothalamic tract cells in 
lamina I are more likely to have small receptive fields 
than are spinothalamic cells in laminae IV-VI (Willis 
and Coggeshall 2003). In addition, the receptive fields of 
lamina I spinothalamic tract cells have a ► somatotopic 





Spinothalamic Input, Cells of Origin 
(Monkey), Figure 2 Distribution 
of spinothalamic tract cells as 
determined by antidromic mapping, 
(a and b) show the stimulation 
sites for antidromic activation of 
spinothalamic tract neurons in a 
series of experiments on monkeys. 
All but one of the stimulation sites 
were in the ventral posterior lateral 
(VPL) nucleus. The exception was 
a site in the suprageniculate (SG) 
nucleus. Sites that when stimulated 
resulted in the antidromic activation 
of spinothalamic cells in the 
superficial dorsal horn (SDH) are 
indicated by open circles, and sites 
that resulted in antidromic activation 
of spinothalamic cells in the deep 
dorsal horn (DDH) are indicated 
by the filled circles, (c) shows the 
locations of the spinothalamic cells. 
The symbols used are: WDR cells, 
filled circles, HT cells, stars, and LT 
cells, open circles. (From Zhang et 
al. 2000). 
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organization (Willis and Coggeshall 2003). These ob¬ 
servations suggest that lamina I spinothalamic cells are 
able to contribute to the accurate localization of painful 
stimuli. 

No studies have been done in which spinothalamic neu¬ 
rons have been retrogradely labeled in a selective way by 
injections of tracer into the ► ventral posterior inferior 
nucleus or the posterior complex or by antidromic acti¬ 
vation from these nuclei. However, the response prop¬ 
erties of thalamic neurons in these nuclei have been de¬ 
scribed in the squirrel monkey (Apkarian and Shi 1994). 
Half of the neurons sampled in the ventral posterior in¬ 
ferior nucleus and more than a third of those recorded in 
the posterior complex were nociceptive. Presumably, a 
major source of the nociceptive input to these thalamic 
neurons was by way of the spinothalamic tract. 

In general, spinothalamic cells that terminate in the 
ventral posterior lateral nucleus, the ventral posterior 
inferior nucleus and the near-by posterior complex ap¬ 
pear to be suited to mediate the ► sensory-discriminative 
aspects of pain sensation (Willis and Coggeshall 2003). 
Cortical projections from the ventral posterior lateral 
nucleus are to the ► SI and ► SII areas of the so¬ 
matosensory cortex (Jones 1985). The ventral posterior 
inferior nucleus and the posterior complex may also 


project to the SII cortex (Apkarian and Shi 1994; Jones 
1985). Functional imaging studies provide evidence 
that the SI and SII cortices play a major role in sensory- 
discrimination of painful stimuli (Ploner et al. 1999; 
Rainville et al. 2000). 

Some spinothalamic tract cells can be retrogradely 
labeled (Fig. 4a, b) or antidromically activated from the 
medial thalamus, in particular from the region of the 
central lateral nucleus of the intralaminar complex and 
the adjacent region of the medial dorsal nucleus (Fig. 4c, 
d) (Giesler et al. 1981). In contrast to spinothalamic 
tract cells that project only to the ventral posterior lat¬ 
eral nucleus of the lateral thalamus (L-STT cells), some 
spinothalamic tract cells can be activated both from 
the lateral thalamus and the medial thalamus (LM-STT 
cells), whilst others project only to the medial thalamus 
(M-STT cells). The locations of L-STT and LM-STT 
cells (Fig. 4d) are similar to those shown in Figs. 1 and 
2. However, the medially projecting spinothalamic cells 
tend to be located more ventrally, mostly in laminae 
VII and VIII (Fig. 4d, M-STT). 

The response properties of the spinothalamic cells that 
just project to the ventral posterior lateral nucleus or to 
both that nucleus and the medial thalamus are similar. 
However, spinothalamic tract cells that project only to 








2262 Spinothalamic Neuron 



Spinothalamic Input, Cells of Origin (Monkey), Figure 4 Spinothalamic 
tract cells that project to the vicinity of the central lateral nucleus in mon¬ 
keys. (a) shows an injection site in the medial thalamus of a monkey. 
The retrograde tracer was horseradish peroxidase. In (b) are plotted the 
retrogradely labeled spinothalamic tract cells in the same animal. Many 
of the labeled cells are in the ventral horn contralateral to the injection 
site in the thalamus. Many others are in the deep dorsal horn, and some 
are in lamina I. (c) shows the stimulation sites for antidromic activation 
of primate spinothalamic tract cells. Most of the stimulation sites were 
in the lateral thalamus in the caudal part of the ventral posterior lateral 
nucleus (VPLc) or in the medial thalamus, especially in the central lateral 
(CL) nucleus and perhaps in the adjacent part of the medial dorsal (MD) 
nucleus. D shows the locations of spinothalamic tract cells that could be 
activated antidromically from just the lateral thalamus (L-STT cells), both 
the lateral and medial thalamus (LM-STT cells) or just the medial thalamus 
(M-STT cells). Note that spinothalamic tract cells that project just to the 
medial thalamus are located chiefly in the intermediate region and ventral 
horn, whereas those that project to the lateral thalamus, with or without 
collateralizing to the medial thalamus, are mostly in the superficial or deep 
dorsal horn, ((a and b) are from Willis et al. 1979; (c and d) are from Giesler 
etal. 1981). 


the medial thalamus tend to be of the HT type and often 
have very large receptive fields that may include the en¬ 
tire surface of the body and head (Giesler et al. 1981). 
These spinothalamic cells are unlikely to contribute 
to sensory-discrimination. Instead, they presumably 
participate in the ► motivational-affective aspects of 
pain. They may be especially important for attention 
and arousal. 
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Definition 

Neuron whose cell body and dendrites are located in the 
spinal cord and whose axon projects to and terminates in 
the thalamus, usually on the side contralateral to the cell 
body. The axons of spinothalamic neurons form a ma¬ 
jor nociceptive tract that is responsible for conveying to 
the brain the information that is required for the percep¬ 
tion of the sensory-discriminative components of pain. 
The spinothalamic tract also contributes to the affective 
component of pain. 

Characteristics 

Spinothalamic neurons are a class of sensory projection 
neurons. They form one of several different sensory 
pathways that transmit nociceptive signals from the 
level of the spinal cord to the brain (reviewed in Willis 
and Coggeshall 2004; Willis and Westlund 1997). The 
nociceptive signals depend on input to the spinal cord 
from peripheral ► nociceptors in skin, muscle, joints 
and viscera. The signals are processed in the spinal 
cord and then are transmitted to the thalamus and, after 
a synaptic relay, to the SI and SII somatosensory cor¬ 
tices and other regions of the cerebral cortex (anterior 
cingulate gyrus, insula). Other pathways, as well as 
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collaterals of spinothalamic tract axons, project to the 
reticular formation, hypothalamus, limbic system, (in¬ 
cluding the amygdala) and structures usually identified 
with the motor system, such as the cerebellum and 
basal ganglia. Different brain structures are thought 
to be involved in the parallel processing of the noci¬ 
ceptive signals, resulting in different components of 
the overall pain response, including ► sensory dis¬ 
crimination (quality, duration, location and intensity of 
the pain) and ► affective responses, as well as reflex 
and endocrine adjustments. The role of spinothalamic 
neurons in pain includes contributions to both sensory 
discrimination and affective responses (Willis et al. 
1974; Giesler et al. 1981). Sensory discrimination is 
thought to depend on the activation of neurons in the 
lateral thalamus by the spinothalamic tract, especially 
neurons in the ventral posterior lateral nucleus, the ven¬ 
tral posterior inferior nucleus and the posterior complex, 
whereas terminations of the spinothalamic tract and of a 
spinoreticulothalamic pathway in the medial thalamus, 
including the central lateral and parafascicular nuclei 
of the intralaminar complex and several midline nuclei, 
are believed to contribute to the affective aspects of 
pain, as well as to attention and arousal (Willis 1997). 
The distribution of the cell bodies of spinothalamic 
neurons in the spinal cord of monkeys has been mapped 
using the ► antidromic activation (Trevino et al. 1973; 
Giesler et al. 1981) and the ► retrograde labeling 
techniques (Willis et al. 1979; Willis et al. 2001). 
Spinothalamic neurons that send projections to the 
lateral thalamus are concentrated in ► Rexed’s laminae 
I and IV-VI of the dorsal horn (Fig. la). Some of those 
that project to the medial thalamus are found in the 
same laminae, but others are concentrated in laminae 
VII and VIII (Fig. lb). The fact that the cell body of a 
spinothalamic neuron is located in a particular lamina 
does not rule out the possibility of synaptic input to 
that neuron by synaptic connections formed in other 
laminae. For example, the dendritic tree of a primate 
spinothalamic tract neuron is shown in Fig. 2a. This 
neuron was identified by antidromic activation from 


Spinothalamic Neuron, Figure 1 (a), (b) Locations of the cell bodies of 
spinothalamic tract (STT) neurons in the monkey spinal cord, as determined 
by retrograde labeling from the thalamus using horseradish peroxidase, (a) 
Locations of STT neurons that project to the lateral thalamus, (b) Locations 
of STT neurons that project to the medial thalamus. (Modified from Willis 
et al. 1979). 


the ventral posterior lateral nucleus of the thalamus and 
then injected intracellularly with horseradish peroxi¬ 
dase. Although the cell body was in lamina IV, some of 
its dendrites extended dorsally through laminae III and 
II to reach lamina I. Other dendrites were directed ven- 
trally and reached lamina VI. Thus, this neuron could 
receive synaptic connections from synaptic terminals 
in any lamina of the dorsal horn. 

Most spinothalamic neurons send their axonal projec¬ 
tions to the contralateral thalamus through the spinotha¬ 
lamic tract, which crosses the midline in the anterior 
white commissure of the spinal cord (Willis et al. 1979; 
Willis and Coggeshall 2004). However, there are also 
some uncrossed projections to the ipsilateral thalamus. 
The axon of the spinothalamic neuron shown in Fig. 2a 
can be seen to cross just ventral to the central canal. It is 
instructive that the cell body and the crossing axon are 
at the same level of the spinal cord. This contrasts with 
the suggestion in the literature that spinothalamic axons 
cross several segments rostral to their cell bodies. The 
spinothalamic tract ascends in the lateral and anterior 
funiculi of the spinal cord and then through the lateral 
brain stem to its destinations in the thalamus (Willis 
and Coggeshall 1991). Collateral branches of spinotha¬ 
lamic axons may terminate in the reticular formation, 
midbrain periaqueductal gray, hypothalamus or other 
brain structures (Lu and Willis 1999). Interruption of the 
spinothalamic and associated tracts by ► anterolateral 
cordotomy has been used successfully to relieve pain 
on the side of the body contralateral to the cordotomy 
(Willis and Coggeshall 1991). It has been especially 
helpful for cancer pain. 

Responses of spinothalamic neurons to noxious stimuli 
applied to the skin, muscle, joints and viscera have 
been described (Willis et al. 1974; Foreman et al. 1979; 
Milne et al. 1981; Dougherty et al. 1992). Peripheral 
sensitization of primary afferent nociceptors, including 

► silent nociceptors, can lead to enhanced responses. 
Such a change is thought to be responsible for ► primary 
hyperalgesia. The responsiveness of spinothalamic neu¬ 
rons can also be altered by intense noxious stimulation 
(Simone et al. 1991), after which these neurons may 
become sensitized through the activation of intracellu¬ 
lar signal transduction pathways, a process known as 

► central sensitization (Willis 2001). Central sensitiza¬ 
tion of spinothalamic tract cells is initiated by synaptic 
release of excitatory amino acids and peptides, which 
in turn activate signal transduction pathways in dorsal 
horn neurons, including spinothalamic neurons. Fig. 2b 
shows a synaptic ending on a spinothalamic tract cell that 
was labeled by an intracellular injection of horseradish 
peroxidase. The synaptic terminal was immunolabelled 
for glutamate, using the immunogold technique. The 
terminal also contains dense core vesicles that are likely 
to contain one or more peptides. Presumably, activa¬ 
tion of this and other terminals by intense peripheral 
stimulation would result in the release of glutamate and 
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Spinothalamic Neuron, Figure 2 (a) Drawing of an STT neuron that was identified in an anesthetized monkey by antidromic activation from the ventral 
posterior lateral nucleus of the thalamus. After the cell was impaled by a microelectrode, horseradish peroxidase was injected intracellularly to label 
the cell body, dendrites and axon. The spinal cord tissue containing the cell was processed so that the HRP could be visualized in a light microscope 
and drawn, (b) Thin sections were made and an immunogold procedure was used to demonstrate the localization of glutamate. Gold particles, some of 
which are indicated by the open arrows, indicate that the presynaptic terminal at the center is glutamatergic. The terminal also contained dense core 
vesicles, which presumably contain peptides. A part of the labeled STT cell is shown at the bottom and the active zone of an asymmetrical synapse 
made by the glutamate-containing terminal is shown to be in contact with the STT cell. Scale bar in D = 0.29 p,m. (Westlund et al. 1992). 


peptide. With strong synaptic input by such terminals 
and release of sufficient glutamate and peptide, a state of 
central sensitization might ensue. It has been suggested 
that central sensitization of spinothalamic tract neurons 
helps account for ► secondary mechanical allodynia 
and secondary mechanical hyperalgesia. 

► Spinal Ascending Pathways, Colon, Urinary Bladder 
and Uterus 

► Spinothalamic Tract Neurons, Descending Control by 
Brainstem Neurons 

► Vagal Input and Descending Modulation 
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Definition 

The spinal ascending pathway that transmits somes- 
thetic inputs from the level of the spinal cord directly 
to the thalamus in rat. 

Characteristics 

The spinothalamic tract (STT) of the rat is a moderately 
developed pathway comprising 6000 to 9500 spinal neu¬ 
rons according to evaluations based on different tracing 
techniques (Burstein et al. 1990). This is less than half 
of the number estimated in macaque monkeys. Spinal 
segments are unevenly represented (Giesler et al. 1979; 
Granum, 1986; Kemplay and Webster 1986). Half of the 
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neurons lie in the first four cervical segments, the cervi¬ 
cal enlargement contains less than 5%, the lumbar en¬ 
largement 33% and the thoracic, sacral and coccygeal 
segments all together about 10% (Fig. 1). This indicates 
that, as for somatosensory information conveyed by dor¬ 
sal column systems towards the ► thalamus, different 
parts of the body are not represented to the same extent, 
thus reflecting the relative importance of various body 
regions in somatic sensibility. The rat’s STT develop¬ 
ment requires a short postnatal maturation period of a 
few days, during which small-diameter peripheral affer¬ 
ent fiber activities are essential. Its maturation is com¬ 
plete two weeks after birth. The STT has a trigeminal 
counterpart, the trigeminothalamic tract, issuing from 
neurons lying ahead in the spinal trigeminal nucleus pars 
caudalis. 

The rat’s STT is a crossed pathway except for an ipsilat- 
eral contingent taking its origin from neurons located 
deep in the ventral horn of the upper cervical cord. 
Two main subdivisions have been recognized that differ 
in the distribution of their cells of origin in the gray 
matter, the ► funiculus of the cord in which their ax¬ 
ons ascend and the thalamic nuclei where they project 
(Giesler et al. 1981). Axons issuing from neurons lo¬ 
cated within the dorsal-most two thirds of the dorsal 
horn and the ventral gray matter ascend within the ven¬ 
trolateral funiculus and project to the lateral thalamus. 
Axons issuing from neurons lying deep in the dorsal 
horn and in the intermediate horn ascend within the 
ventral funiculus and project to the medial thalamus 
(Giesler et al. 1981). A third subdivision located within 
the dorsolateral funiculus comprises axons from neu¬ 
rons located in the marginal layer of the dorsal horn 
(Zemlan et al. 1978). Axon collaterals to extrathalamic 
targets have been examined, but with large discrepan¬ 
cies between results. Three to five % of cervical STT 
cells give rise to descending propriospinal collaterals. 
Rat STT neurons containing neuropeptides have been 
described for a variety of substances (bombesin, chole- 
cystokinin, dynorphin, enkephalin, galanin, nitric oxide 
synthase, substance P, somatostatin, vasoactive intesti¬ 
nal polypeptide) that all form very minor subgroups, 
so that the main neurotransmitter(s) in the rat’s STT re¬ 
main^) to be identified. The lumbar galanin-containing 
subgroup is sexually dimorphic with males containing 
more of these neurons than females. Anatomical evi¬ 
dence has been given in support of rat STT neurons’ 
responsiveness to glutamatergic, GABAergic, seroton¬ 
ergic, thyrotropin-releasing hormone and substance P 
inputs. 

Terminations of the STT have been reported in a variety 
of discrete thalamic nuclei sometimes overlapping with 
those of other somatosensory pathways, the ► medial 
lemniscus (ML) or axon terminals from the ► lateral cer¬ 
vical nucleus (LCN). Both main and sparser projection 
zones have been recognized (Lund and Webster 1967: 
Mehler 1969; Zemlan et al. 1978). In all, their cells of 


origin are mostly contralateral. Main targets include the 
rostral part of the ventroposterolateral nucleus (VPL) 
where they overlap with those of ML, the intralaminar 
nuclei, primarily the central lateral nucleus (CL) and 
the dorsomedial region of the posterior thalamic group 
(PO). VPL projections are organized in two segregated 
zones, which are transitional between the ventral lateral 
nucleus (VL) rostrally and the PO caudally. Termina¬ 
tions in all these main areas share the following features. 
They have a patchy distribution and terminate in the 
form of large terminals that contain round synaptic 
vesicles and make asymmetrical synaptic contacts with 
large dendrites or dendritic protrusions. STT synaptic 
profiles cannot be distinguished on a morphological 
basis from those of ML terminals. However, as ML ter¬ 
minals tend to contact more proximal dendrites as well 
as cell somata, they probably have greater influence on 
cell activities (McAllister and Wells 1981; Peschanski 
et al. 1985; Ma et al. 1987a, 1987b). Since the VPL in 
rats virtually lacks interneurons, making it simpler than 
in cat and monkey, its neurons receiving STT synaptic 
contacts are all ► thalamocortical neurons. Sparser 
targets include the epithalamus, the dorsal portion of 
the nucleus submedius (gelatinosus) and areas medially 
bordering the medial geniculate body (Menetrey et al. 
1984; Ledoux et al. 1987). This latter area is also a 
convergent field for projections from the LCN and the 
inferior colliculus. A role in pairing of acoustic and 
somesthetic inputs is consequently highly probable in 
this case. 

Cells of origin of the rat’s STT have been reported in 
marginal layer (lamina I), neck of the dorsal horn (nDH, 
lateral lamina V), ► lateral spinal nucleus (LSN), ven¬ 
tromedial portion of the dorsal horn (vmDH, laminae 
V/VI) and intermediate and ventral gray zones (medial 
portions of laminae VI Will and lamina X). The pop¬ 
ulation of neurons reaching the medial thalamus is dis¬ 
tributed preferentially deep in the dorsal horn and inter¬ 
mediate region. With the sole exceptions of the vmDH 
and LSN groups, the great majority of these cells are 
confined to the most rostral spinal levels. The vmDH 
group is a unique feature of the rat’s lumbar STT ex¬ 
tending from vertebral levels T9 to L4 and projecting 
to all the identified spinothalamic targets (Fig. 2). Two 
groups of neurons have been identified electrophysio- 
logically, each constituting a homogeneous population 
of cells (Menetrey et al. 1984). Both groups comprise 
cells supplying the thalamus with integrated hind limb 
proprioceptive information about limb position in pas¬ 
sive postural changes and locomotion, along with the dif¬ 
ferent phases of the ongoing ► step cycle (Fig. 3). The 
LSN constitutes a specific entity in certain mammals in¬ 
cluding the rat, the guinea pig, the rabbit and the ferret. Its 
participation in the STT is moderate compared to other 
► spinal ascending pathways. LSN neurons have very 
particular electrophysiological properties. Their axons 
have slow conduction velocities, sometimes in the un- 
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marginal layer; M/C, medulla/cord junction; N, neck of the dorsal horn; SGv, ventral portion of the substantia gelatinosa; SI to S5, sacral segments; 
T1 to T13, thoracic segments; VHd and VHv, dorsal and ventral portions of the ventral horn. From Granum (1986). 
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Spinothalamic Projections in Rat, 
Figure 2 Spinal labeling in the 
lumbar enlargement resulting from 
discrete horseradish peroxidase 
injections into five spinothalamic 
target regions, (a) anterior portion of 
the VPL as part of the ventrobasal 
complex (Vb), (b) nucleus submedius 
(Sm), (c) central lateral nucleus (CL), 
(d) dorsal portion of the posterior 
group (PO), (e) areas medially 
bordering the medial geniculate body 
(Mg). From Menetrey et al. (1984). 


myelinated range. They do not usually have spontaneous mission remains to be studied. The LSN and marginal 
firing or a defined peripheral excitatory receptive field. layer receive identical neuropeptidergic afferents of pe- 
Receptive fields seem to be located in deep tissues and re- ripheral origin. The LSN and lamina X contain most of 
sponses are inconstant. Their exact role in sensory trans- the neuropeptidergic ascending tract cells. 
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noxious 

heat 






ankle ankle ankle ankle ankle 

extension flexion extension flexion extension 

Spinothalamic Projections in Rat, Figure 3 An example of a vmDH STT cell. This cell had a high ongoing activity directly related to the resting position 
of the ankle (extension increased it, whereas flexion inhibited it). Innocuous cutaneous stimuli (pressure) excited it, whereas noxious ones (radiant heat) 
inhibited it. Foot diagrams show the different stages of the application periods for peripheral stimuli, durations of which are indicated by black lines 
(lower lines for the ankle manipulation, upper lines for cutaneous stimulations). From Menetrey et al. (1984). 


Evidence has been given that the rat’s STT transmits 
nociception. It contains dorsal horn cells responding 
most vigorously to noxious cutaneous stimuli, either 
marginal layer cells responding solely to noxious stim¬ 
uli or wide dynamic range cells of nDH responding to 
both innocuous and noxious stimuli with an increased 
discharge when the stimulus strength becomes nox¬ 
ious (Giesler et al. 1976). Nociceptive rat STT neurons 
receive inputs from unmyelinated fibers and develop 
hypersensitivity in painful pathological conditions 
(intradermal capsaicin injection, nerve ligature, dia¬ 
betic neuropathy, spinal cord injury) and are subject 
to analgesic effects of morphine and brain and vagal 
stimulation. In spite of these observations, it is however 
clear that the rat’s STT transmits nociception in a way 
that conflicts with traditional concepts of the STT sys¬ 
tem as it is regarded from human observations or other 
animal studies. In fact anatomical data demonstrate that 
spinal areas that relay peripheral nociceptive inputs are 
underrepresented, especially the marginal layer, and 
exclude some targets such as nucleus submedius, con¬ 
trary to cat and monkey (Menetrey et al. 1984). The role 
of the rat’s STT in transmission of visceral pain has also 
been questioned. In fact the rat’s STT lacks projections 


from spinal autonomic columns, as do some other as¬ 
cending pathways, spinosolitary, lateral spinoreticular, 
spinoparabrachial and spinomesencephalic tracts. 
Heterogeneity in the functional roles of the rat’s STT 
has thus been established. Since the beginning of the 
20 th century, the STT has unequivocally been consid¬ 
ered as the main pathway for transmitting information 
about pain and temperature in all species studied but with 
a prejudice against the notion that this pathway could as¬ 
sume other putative functions and that other pathways 
could be involved in pain transmission. Studies in the rat 
balance this concept. 
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Synonyms 

Core and Matrix; lateral thalamic nuclei and STT; Lam¬ 
inae I/II Inputs to the Thalamus 

Definition 

The ventral posterior complex can be subdivided into 
two compartments, based on differential staining with 
different calcium binding proteins, a core and a matrix. 
The spinothalamic terminations from superficial lami¬ 
nae of the spinal cord terminate in both compartments 
and in multiple other nuclei. 

Characteristics 

The most direct of the central pain pathways arise in the 
spinal and medullary dorsal horns and project directly to 


the thalamus and from thence to the cerebral cortex. The 
greatest numbers of pain-related fibers in these pathways 
arise from superficial laminae of the dorsal hom of the 
spinal and medullary gray matter. For the purposes of 
this essay, we will not consider to any extent the fibers 
arising in deep parts of the spinal central gray and we will 
not consider at all the various brainstem targets of these 
pathways that may secondarily relay pain information 
to the thalamus and cerebral cortex. 

In monkeys, spinothalamic fibers, whether labeled en 
masse or labeled specifically from the superficial lam¬ 
inae of the spinal dorsal horn, terminate extensively in 
the thalamus and not exclusively in the ► ventral poste¬ 
rior nucleus, which is the relay for the dorsal column- 
lemniscal pathway to the primary somatosensory cortex 
(Rausell et al. 1992; Graziano and Jones 2004). Thala¬ 
mic nuclei in which spinal terminations have been iden¬ 
tified include the ► ventral posterior, ► ventral lateral, 

► intralaminar and ► posterior. Terminations are often 
identified in the caudal part of the mediodorsal nucleus 
as well, but this is a matter of nomenclature, for most, if 
not all, of these are actually in the caudal part of the in¬ 
tralaminar system in a part of the central lateral nucleus 
often misidentified as the ► densocellular subnucleus of 
the mediodorsal nucleus (Jones 2006). The terminations 
in and around the ► ventral posterior nucleus are partic¬ 
ularly interesting on account of their relationships to a 
chemically specified part of the thalamus and their com¬ 
plementarity with the terminations of lemniscal fibers. 
This is where we come to consider the core and matrix 
of the primate thalamus. 

The ventral posterior complex of monkeys and other 
primates, including humans, is made up of the ► ventral 
posterior lateral (VPL) and ► ventral posterior medial 
(VPM) nuclei and two subsidiary nuclei the ventral 
posterior inferior nucleus (VPI) and the basal ventral 
medial nucleus (VMb) (Fig. 1). The basal ventral medial 
nucleus is a modern name for a nucleus formerly called 
the parvocellular division of the ► VPM. In humans, the 

► VMb and ► VPI together make up the greater part of a 
nucleus called by Hassler (1959) ventralis caudalis par- 
vicellularis (v.c.p.c.). Within the four-nucleus complex, 
two histo- and immunocyto-chemically defined com¬ 
partments can be identified (Fig. 2) (Rausell and Jones 
1991a; Rausell and Jones 1991b). A matrix compart¬ 
ment is found throughout all four nuclei; it stains weakly 
for ► cytochrome oxidase and other oxidative enzymes 
but contains thalamocortical relay neurons identified by 
specific immunostaining for the 28 kD calcium binding 
protein, ► calbindin. On the matrix is imposed, but only 
in the VPL and VPM, a core compartment which stains 
densely for ► cytochrome oxidase and is filled with 
relay cells that stain specifically for a different calcium 
binding protein, ► parvalbumin. The core compart¬ 
ment in the VPL and VPM is fragmented, with zones 
of dense ► parvalbumin immunostaining separated by 
other zones in which the ► calbindin immunostained 
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Spinothalamic Terminations, Core 
and Matrix, Figure 1 Schematic 
view of the background matrix (left) 
of the ventral posterior complex, with 
its input from the spinothalamic and 
spinal trigeminothalamic systems and 
widespread projection to superficial 
layers of the cerebral cortex, 
contrasted with the core, restricted 
to the VPM and VPL nuclei, with its 
input from the lemniscal system and 
topographically-organized projection 
to middle layers of the primary 
somatosensory cortex. Based on 
Jones (2005). Abbreviations: VMb, 
basal ventral medial nucleus; VPI, 
ventral posterior inferior nucleus; 

VPL, ventral posterior lateral nucleus; 

VPM, ventral posterior medial 
nucleus. 



Spinothalamic Terminations, Core and Matrix, Figure 2 Photomicrographs of adjacent frontal sections through the thalamus of a macaque monkey, 
showing the parvalbumin immunoreactive core of the ventral posterior nucleus (a) and the calbindin immunoreactive matrix (b). Bar 500 p,m. s, enhanced 
matrix region of VPM; CL, central lateral nucleus; CM, centre median nucleus; other abbreviations as in Fig 1. Arrow indicates region of parvalbumin 
and calbindin overlap in medial VPM. From Jones (2005). 
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matrix is exposed. The VMb and VPI lack a core com¬ 
partment and are made up exclusively of the calbindin 
matrix; fingers of this matrix extend up from the VPI into 
the VPL and there is a large zone of matrix (the S region) 
along the medial edge of the VPM. The matrix regions 
of the overall ventral posterior complex extend pos¬ 
teriorly as an enlarged, calbindin-rich, ► cytochrome 
oxidase-weak and ► parvalbumin-deficient region that 
is coextensive with nuclei lying posterior and postero¬ 
medial to the ventral posterior complex, the ► posterior 
nucleus and the ► anterior pulvinar nucleus (Jones 
et al. 2001). The significance of the matrix and core 
compartments is that they represent the selective ter¬ 
mination sites of spino- and spinal trigeminothalamic 
fibers and of lemniscal fibers respectively (Rausell et 
al. 1992; Graziano and Jones 2004). Moreover, the cells 
of the two compartments project differentially upon the 
cerebral cortex (Fig. 1). 

Large regions of the thalamic matrix such as the S re¬ 
gion, VMb, VPI and the posterior/anterior pulvinar nu¬ 
clear region are sufficiently far removed from the core 
compartment in which lemniscal fibers terminate to rep¬ 
resent regions in which spino- and spinal trigeminotha¬ 
lamic fibers exclusively terminate. In them there is un¬ 
likely to be convergence of the pain and lemniscal sys¬ 
tems upon the same thalamocortical relay cells. Segre¬ 
gation of the two systems is maintained at a relatively 
coarse level even within the heart of the VPL and VPM 
where both the spino- and spinal trigeminothalamic and 
the lemniscal pathways terminate, but it cannot be ruled 
out that extension of dendrites of parvalbumin core cells 
into a calbindin matrix region and vice versa might pro¬ 
vide a basis for some convergence. This has been pro¬ 


Area 3a Area 3b Area 1 


posed from electron microscopical studies, although ter¬ 
minals of the two systems were not specifically shown to 
converge on the same cell (Ralston and Ralston 1994). 
The parvalbumin immunoreactive cells of the core 
project in a well-known topographic order on the first 
somatosensory area of the postcentral gyrus, those 
receiving proprioceptive inputs ending specifically in 
area 3a and those receiving cutaneous inputs in areas 
3b and 1 (Fig. 3). In all areas, the terminations of the 
parvalbumin immunoreactive fibers are concentrated 
in the middle layers of the cortex (layer IV and deep 
layer III) (Rausell et al. 1992). The topography in this 
parvalbumin-defined, dorsal column-lemniscal projec¬ 
tion clearly underlies the representational map in the 
primary somatosensory cortex as commonly defined by 
multiunit recording of responses to peripheral stimuli. 
The calbindin-defined cells of the matrix have quite a 
different pattern of thalamocortical projection. Their 
fibers branch more extensively than the fibers of the 
core and can extend over two or more adjacent cytoar- 
chitectonic areas of the somatosensory cortex and even 
across the somatosensory and motor areas without a 
high degree of topographic order; in these areas they 
terminate in superficial layers of the cortex (layers I, II 
and upper III) (Fig. 1). There is, thus, abasis for parallel 
lemniscal and spinothalamic pathways passing through 
the ventral posterior complex and reaching the cortex of 
the primary somatosensory cortex in a complementary 
manner. If, as appears likely, the parvalbumin fibers 
target not only cortical intrinsic neurons in the mid¬ 
dle layers but also the basal and oblique apical side 
branches of layers III and V pyramidal cells and the 
calbindin fibers, the apical tufts of these same cells, 
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Spinothalamic Terminations, Core 
and Matrix, Figure 3 Laminar and 
areal projections of neurons in the 
ventral posterior nucleus of monkeys. 
Core regions (gray) receiving inputs 
from different classes of peripheral 
mechanoreceptors project to middle 
layers of specific cortical fields. 
Matrix regions (crosses) receiving 
inputs fro the spinothalamic and 
spinal trigeminothalamic systems 
project to superficial layers of all 
fields. From Jones (2006). 
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then the arrangement seems to form an ideal basis for 
a coincidence detecting circuit (Jones 2001). However, 
the spinothalamic and spinotrigeminothalamic pathway 
running through the thalamic matrix is more diffuse 
than that of the core, spreading without topographic 
order across several areas. Moreover, fibers arising in 
the matrix, especially that of the VMb and VPI nuclei, 
project beyond the primary somatosensory cortex into 
gustatory, visceral and peri-insular regions of the cortex 
(Krubitzer and Kaas 1992; Qi et al. 2002). 
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Definition 

Central sensitization refers to an increase in excitability 
of dorsal horn neurons following tissue injury and in¬ 
flammation. The sensitization is typically characterized 
by an increase in a) spontaneous activity, b) responses 
evoked by mechanical and thermal stimuli applied to the 
► receptive field and c) receptive field area. 

Characteristics 

Many studies have demonstrated alterations in response 
properties of spinothalamic tract (STT) neurons follow¬ 
ing tissue damage. Early studies showed that repeated 
heating of the skin with heat stimuli from 43-50°C 
produced an increase in spontaneous activity of STT 
neurons in monkeys and enhanced their responses to 
heat stimuli applied to the same site (Kenshalo et al. 
1979). The sensitization to heat was characterized by a 
decrease in response threshold and increased response to 
suprathreshold stimuli. Additional studies showed that 
repeated noxious heating of the skin decreased the heat 
response threshold of STT neurons by approximately 
5°C and also increased responses to innocuous cold and 
mechanical stimuli (Kenshalo et al. 1982; Ferrington 
et al. 1987). These studies suggested that sensitization 
of STT neurons may contribute to the ► hyperalgesia 
that occurs at the site of injury (primary hyperalgesia). 
Other injuries that produce behavioral measures of hy¬ 
peralgesia, such as joint inflammation and nerve injury, 
also enhanced the responses of STT neurons. For ex¬ 
ample, inflammation following intra-articular injection 
of kaolin and carrageenan enhanced responses of STT 
neurons to joint flexion, to mechanical stimuli applied 
to the skin and to iontophoretic application of excitatory 
amino acids, suggesting a role for amino acids and their 
receptors in central sensitization and demonstrating that 
STT neurons are more sensitive to amino acid neuro¬ 
transmitters released into the dorsal horn (Dougherty et 
al. 1992). Similarly, experimental neuropathy produced 
by spinal nerve ligation in monkeys (Palecek et al. 1992) 
or by diabetes (streptozotocin model) in rats (Chen and 
Pan 2002) also resulted in increased responses of STT 
neurons to mechanical and/or thermal stimuli. Col¬ 
lectively, these studies suggest that sensitization of 
STT neurons contributes to hyperalgesia produced by 
inflammation and by nerve injury. 

Sensitization of STT neurons that occurs at a site of in¬ 
jury or inflammation may in part be due to sensitization 
of peripheral nociceptors that project to STT neurons. 
However, sensitization of STT neurons following a 
small, localized injury can occur throughout their re¬ 
ceptive fields and include areas of the receptive field 
that are uninjured. Hyperalgesia that extends outside an 
area of injury is referred to as secondary (Lewis 1942; 
Hardy et al. 1950) and the contribution of STT neurons 
to secondary hyperalgesia has been investigated. A role 
for STT neurons in secondary hyperalgesia was first 
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described by Kenshalo et al. (1982) who reported that 
responses of STT neurons to innocuous mechanical 
stimuli, such as brushing the skin, following repeated 
noxious heating of the skin were enhanced at the stim¬ 
ulation site and also in other areas of the receptive field. 
To further determine the contribution of STT neurons to 
secondary hyperalgesia, direct comparisons were made 
between psychophysical measures of cutaneous hyper¬ 
algesia produced by intradermal injection of capsaicin 
in humans and responses of STT neurons in monkey. In 
humans, injection of capsaicin (100 |xg in 10 p.1) pro¬ 
duces burning pain, hyperalgesia to heat at the injection 
site and secondary mechanical hyperalgesia to stroking 
the skin with a cotton swab or to poking the skin with 
punctate stimuli (von Frey monofilaments) within a 
large area surrounding the injection site (Simone et al. 
1989; LaMotte et al. 1991). Injection of capsaicin into 
the receptive field of STT neurons caused excitation 
with a time course similar to the capsaicin evoked pain 
in humans. In addition, responses of STT to heat stimuli 
applied to the capsaicin injection site were enhanced 
and responses to stroking the skin and to stimulation 
with von Frey monofilaments were increased through 
the receptive field (Simone et al. 1991a). Responses of 
STT neurons to iontophoretic application of excitatory 
amino acids were also increased (Dougherty and Willis 
1992). 

Sensitization of STT neurons was also found after ap¬ 
plication of a ► pruritic stimulus to the skin (Andrew 
and Craig 2001). Iontophoretic application of histamine 
excited a subpopulation of STT neurons in cats and in¬ 
creased their responses to mechanical stimuli. Excita¬ 
tion and sensitization of this unique group of STT neu¬ 
rons may contribute to the sensation of itch as well as to 
► alloknesis (► mechanically evoked itch) that occurs 
in humans after application of histamine to the skin (Si¬ 
mone et al. 1991b). 

Collectively, these data demonstrate that STT neurons 
develop enhanced responses following tissue injury and 
inflammation and that the sensitization of STT neurons 
is not only a reflection of increased input from sensitized 
nociceptors at the site of injury, but also reflects a general 
increase in STT neuronal excitability. 
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Synonyms 

Centrifugal Control of Nociceptive Processing; Supra¬ 
spinal Regulation; endogenous analgesia system 

Definition 

A number of descending pathways to the spinal cord that 
originate from brainstem neurons have been shown ei¬ 
ther to inhibit or to excite spinothalamic (STT) and other 
nociceptive neurons. It is generally accepted that such 
modulatory actions are likely to affect the processing of 
nociceptive signals by neural circuits of the spinal cord 
dorsal horn, as well as of the trigeminal sensory nuclei 
and hence the experience of pain. Collectively, the de¬ 
scending inhibitory pathways are often referred to as the 
endogenous analgesia system. By contrast, the descend¬ 
ing excitatory pathways are presumed to enhance pain. 

Characteristics 

Most ► spinothalamic neurons transmit nociceptive sig¬ 
nals from relatively restricted cutaneous receptive fields. 
These cells can usually be activated by volleys in Aap, 
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Spinothalamic Tract Neurons, 
Descending Control by Brainstem 
Neurons, Figure 1 Inhibition of the 
responses of a primate spinothalamic 
neuron following stimulation in the 
nucleus raphe magnus (NRM). The 
peristimulus time histogram in (a) 
shows the response to stimulation of 
the sural nerve (arrow) at a strength 
that activated Aap and A5 fibers.(b) 
shows that stimulation in the NRM 
reduced the response dramatically, 
especially that to A8 fibers. In (c) 
is the response to stimulation of 
A and C fibers. The inset shows a 
recording of the C fiber volley from 
the sural nerve. In (d), stimulation in 
the NRM eliminated the response to 
the C-fiber volley. The stimulation 
site in the NRM is indicated below 
on a drawing of a midsagittal section 
through the brainstem. The NRM is 
outlined, and some of the midline 
blood vessels are indicated on the 
drawing. (From (Gerhart et al. 1981). 


AS and C fibers in the appropriate cutaneous nerve (Fig. 
la, b). The axons of these neurons project directly to the 
ventral posterior lateral (VPL) nucleus of the contralat¬ 
eral thalamus (Willis and Coggeshall 2004). Some STT 
cells that project to the contralateral VPL nucleus also 
convey nociceptive signals from muscles, joints or vis¬ 
cera (Willis and Coggeshall 2004). The VPL nucleus of 
the thalamus in turn transmits somatosensory informa¬ 
tion derived from the spinothalamic tract input to the so¬ 
matosensory cerebral cortex. Presumably, this informa¬ 
tion is used for ► sensory discrimination of nociceptive 
stimuli. Many of these same spinothalamic tract cells 
also project to the contralateral central lateral nucleus, 
a part of the thalamic intralaminar complex. 

Some nociceptive STT cells have very large cutaneous 
receptive fields, often including the entire body and 
face, and project to the medial part of the thalamus, 
ending in the contralateral central lateral nucleus of the 
intralaminar complex (Fig. 2) (Giesler et al. 1981). The 


sensory information conveyed by these STT cells to the 
intralaminar complex is unlikely to relate to sensory 
discrimination but instead may play a role in ► arousal, 
► attentional mechanisms or ► motivational-affective 
responses to painful stimuli (Giesler et al. 1981; Price 
1988). 

The nociceptive signals conveyed to the brain by STT 
cells and other ascending ► nociceptive pathways are 
necessary for signaling pain. As in other sensory sys¬ 
tems, the brain can exert a ► centrifugal control of 
the somatosensory information that it receives (Willis 
1982). For example, neurons located in the brainstem 
can modulate nociceptive signals by way of pathways 
that descend into the spinal cord (Willis 1982; Besson 
and Chaouch 1987). These brainstem neurons are in 
turn under the influence of neurons in the cerebral 
cortex and other areas of the forebrain. In addition, 
corticospinal projections affect the activity of STT 
cells. The analgesia that can be produced by stimula- 
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Spinothalamic Tract Neurons, Descending Control by Brainstem Neurons, Figure 2 An excitatory spino-bulbospinal loop is responsible for the 
very large receptive fields of primate spinothalamic tract (STT) cells that project to the central lateral thalamic nucleus. In (a) is shown the excitation 
of a medially projecting STT cell following stimulation anywhere on the body or face, (b) interruption of the dorsal and lateral funiculi on one side of 
the spinal cord reduced the responses from most of the receptive field except from one hind limb, (c) a lesion of the other dorsal and lateral funiculi 
restricted the receptive field to one hind limb, that which corresponded to the location of the STT cell in the lumbar enlargement, (d) shows sites within 
the reticular formation that when stimulated caused a powerful excitation of a medially projecting STT cell. (From Giesler et al. 1981). 


tion of pathways descending from the brainstem has 
been termed “stimulation-produced analgesia.” The 
descending neural pathways that cause analgesia re¬ 
lease endogenous opioid substances, as well as other 
inhibitory neurotransmitters, such as norepinephrine 
and serotonin, in the spinal cord dorsal horn (Fields and 
Besson 1988; Ak il and Lewis 1987). The descending 


pathways that inhibit the processing of nociceptive in¬ 
formation are often called the ► endogenous analgesia 
system. The action of morphine on opiate receptors 
contained in nociceptive neurons explains the ability 
of morphine and other opiates to produce an effective 
analgesia. Similarly, other exogenous drugs can affect 
pain transmission through action on other receptors. 








2276 Spinothalamic Tract Neurons, Glutamatergic Input 


Brainstem regions that have been found to inhibit the 
activity of spinothalamic neurons include the midbrain 

► periaqueductal gray matter, the ► rostral ventral 
medulla (which includes the nucleus raphe magnus 
and adjacent parts of the reticular formation) and the 

► dorsolateral pons (which includes the locus coeruleus, 
subcoeruleus and parabrachial nuclei). Stimulation in 
the periaqueductal gray or in the nucleus raphe magnus 
in primates (Fig. 1) can produce a powerful inhibition 
of spinothalamic neurons (Hayes et al. 1979) (Willis et 
al. 1977; Gerhart KD et al. 1981). This occurs in part 
through an opioid mechanism and in part by the release 
of serotonin in the spinal cord. Another region that 
when stimulated causes the inhibition of spinothalamic 
tract neurons is the dorsolateral pons (Girardot et al. 
1987). This inhibition can be attributed to the release 
of norepinephrine in the spinal cord. Stimulation of 
forebrain areas, such as the ventrobasal thalamus and 
the postcentral gyrus, can also result in the inhibition of 
STT cells (Gerhart et al. 1983; Yezierski et al. 1983). 
On the other hand, primate STT cells can be excited fol¬ 
lowing stimulation in the primary motor cortex or the 
medullary pyramid (Yezierski et al. 1983). Another site 
that when stimulated can result in the excitation of STT 
cells is the medullary reticular formation (Haber et al. 
1980). However, it is unclear if this excitation is due to 
activation of reticular formation neurons or of fibers of 
passage coming from more rostral levels of the brain¬ 
stem. 

The very large cutaneous receptive fields of STT cells 
that project to the central lateral thalamic nucleus de¬ 
pend on an excitatory loop from the spinal cord to the 
brainstem and back to the spinal cord, since transection 
of the spinal cord at a rostral level reduces the receptive 
fields of such neurons to a restricted area on a single limb 
(Fig. 2a-c) (Giesler et al. 1981). Stimulation within the 
pontine reticular formation can produce a long-lasting 
excitation of suchneurons (Fig. 2d) (Giesler etal. 1981). 
An excitatory loop through the brainstem is also very 
important for visceral nociceptive signals (Cervero and 
Wolstencroft 1984). Although some of the responses of 
spinal cord neurons to noxious visceral stimuli are medi¬ 
ated by local interneuronal circuits, a major part of these 
responses depends on the transmission of information to 
the brainstem and subsequent activation of a descend¬ 
ing excitatory projection. This excitatory feedback can 
be considered a means for amplification of the visceral 
nociceptive signals. 
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Characteristics 

Anatomical Evidence for Glutamatergic Input 

Anatomical evidence that ► glutamate-containing ter¬ 
minals synapse on spinothalamic tract (STT) cells is 
derived from immunohistochemical studies in primate 
and rat spinal cord. Analysis of high threshold or wide 
dynamic range primate STT cells demonstrates that 
glutamate-labeled terminals constitute 46% of the ter¬ 
minal population apposed to the STT cell body, and 50% 
of the profiles apposed to STT dendrites (see Fig. 1; also 
see ► Spinothalamic Neuron, Fig. 2b) (Westlund et al. 
1992). In terms of surface length, this constitutes 54% 
of the soma surface length and 50% of the dendritic 
surface length. In the rat, type I and II STT cells in 
laminae I and II of the dorsal horn have been analyzed. 
Type I STT cells have a pyramidal (triangular) soma 
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Spinothalamic Tract Neurons, Glutamatergic Input, 
Figure 1 Immunogold staining for glutamate (GLU) in an “R” 
type terminal (contains round, clear vesicles) apposing an HRP-labeled 
STT neuron. (From Westlund et al.1992). 


with dendrites oriented along the rostro-caudal axis of 
the cord; type II STT cells have a rounded soma, with 
numerous primary dendrites extending in all directions 
(Lima and Coimbra 1988). Glutamatergic input com¬ 
posed 37% of the terminal population on the 15 STT 
cells analyzed, and this percentage remains uniform 
for the soma and dendrites (Lekan and Carlton 1995). 
There is no significant difference among the 15 STT 
cells analyzed, suggesting that type I and type II STT 


cells of the superficial dorsal horn have similar synaptic 
organizations in relation to glutamatergic input. 

A variety of glutamate receptor subunits have been 
anatomically localized on STT cells including the 
NMDA receptor subunit NMDAR1 and non-NMDA 
(AMPA) subunits GluR 1 and GluR2/3 (Ye and Westlund 
1996). Based on the pharmacological studies discussed 
below, it is highly likely that metabotropic Glu receptor 
subunits are also expressed by STT cells. 

Pharmacological Evidence for Glutamatergic Input 

Several lines of pharmacological evidence indicate that 
STT cells are modulated by glutamate. Initial studies 
demonstrated that microiontophoresis of glutamate, or 
its agonists, in the vicinity of STT cells, excite the cells 
(Jordan et al. 1978) in a dose-dependent manner (Fig. 2) 
(Willcockson et al. 1984, Dougherty et al. 1992). Glu¬ 
tamate also participates in the ► sensitization of STT 
neurons, a phenomenon where responses of STT neu¬ 
rons to the glutamate agonist ► N-methyl-D-aspartate 
(NMDA) are potentiated following a single combined 
application of NMDA + Substance P. The potentiation 
usually out-lasts the co-administration of drugs by 
as much as several hours, and is accompanied by an 
increase in the response of STT cells to mechanical 
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Spinothalamic Tract Neurons, Glutamatergic Input, Figure 2 Rate histograms of the responses of a representative wide dynamic range STT cell 
to iontophoretic release of excitatory amino acids (EMs) before, during, and following dialysis of the spinal cord with CNQX. (a-d) shows the control 
responses of the cell to graded iontophoretic current pulses of AMPA, GLUT, NMDA and aspartate (ASP), (e-h) shows the responses of the cell to the 
EAAs following infusion of CNQX. (i-l) shows the responses to the EAAs 4 hr after termination of the CNQX. Bin widths are 100 msec. (Dougherty et 
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stimulation of the skin. These results provide a cellu¬ 
lar model for ► secondary hyperalgesia (Dougherty 
and Willis 1991, Dougherty et al. 1993). Blockade of 
glutamatergic non-NMDA receptors results in a nearly 
complete elimination of responses of STT cells to nox¬ 
ious and non-noxious stimuli, while blockade of NMD A 
receptors attenuates responses to noxious input only 
(Dougherty et al. 1992). NMDA (Dougherty et al. 1992; 
Dougherty et al. 1993) and Group I metabotropic glu¬ 
tamate (mGlu) receptor (Neugebauer and Willis 1999) 
antagonists, or Group II and III mGlu receptor agonists 
(Neugebauer et al. 2000), can prevent or reverse STT 
sensitization that develops after intradermal injection 
of ► capsaicin. Taken together, these results indicate 
that glutamate is involved in the normal transmission 
of sensory input from primary afferent fibers to STT 
cells, and the sensitization of STT cells to peripheral 
input. 

Sources of Glutamate in the Dorsal Horn 

There are three possible sources of the glutamate- 
containing terminals that contact STT cells. Many arise 
from primary afferent fibers, since it is known that the 
majority of primary sensory neurons contain glutamate 
(Battaglia and Rustioni 1988), and that STT cells re¬ 
ceive input from primary afferents (Carlton et al. 1989). 
Spinal interneurons contain glutamate and are likely to 
synapse onto STT cells. Finally, descending systems 
originating from the cerebral cortex (Coulter et al. 1974) 
and reticular formation (Haber et al. 1978) can excite 
STT neurons, probably through glutamate release. 
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Definition 

The principle ascending pathways for pain (e.g. spino¬ 
thalamic and trigeminothalamic tracts) originate partly 
within deep or most ventral layers (IV-VI of Rexed) of 
the dorsal horn of the spinal cord and medulla, wherein 
neurons receive synaptic input from primary afferent 
neurons that supply ► nociceptors in tissue (Fig. 1). 
These second order neurons within the deep dorsal horn 
are mainly ► wide dynamic range (WDR) neurons and 
to a lesser extent nociceptive-specific (NS) neurons, and 
these two types of neurons have functional significance 
for processing both exteroreceptive and interoreceptive 
information associated with pain (Willis 1985; Price 
and Dubner 1977; Dubner et al. 1986). 

Characteristics 

Wide Dynamic Range (WDR) Neurons (Figure 2) 

WDR neurons are present in both superficial and deep 
layers of the dorsal horn (Willis 1985; Price and Dub¬ 
ner 1977). However, NS neurons occur in highest per¬ 
centages in the superficial layers (layers I—II), and the 
deep layers contain mostly WDR neurons. Thus, WDR 
neurons will be extensively described in this section. 
Although they receive synaptic input from primary ► A- 
delta and ► C-nociceptive afferent neurons innervating 
cutaneous, visceral, muscular, or other tissues, they are 
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Dorsal horn 
1—1 (sensory) 



Spinothalamic Tract Neurons, 
in Deep Dorsal Horn, 

Figure 1 Schematic of dorsal horn 
showing superficial (1-11) and deep 
(V-VI) layers. Both regions contain 
sensory projection neurons and 
interneurons and interconnections 
exist between both regions. Neurons 
of the deeper layers tend to be larger 
than those of the superficial layers. 
Superficial neurons (layers I and II) 
and deep dorsal horn neurons (light 
stippled zone in layers V-VI) tend to 
be NS and WDR, respectively. 


classified on the basis of their responses to cutaneous 
stimuli (Willis 1985; Price and Dubner 1977). WDR 
neurons have several distinct and defining characteris¬ 
tics. First, they respond differentially over a broad range 
of stimulus intensity, extending from very gentle to dis¬ 
tinctly painful levels of stimulation; noxious stimuli 
delivered to the most sensitive portion of their receptive 
fields evoke a higher impulse frequency than any form 
of innocuous stimulation. Second, based on multiple 
tests, WDR neurons also receive synaptic input from 

► A-beta primary afferent neurons that supply sensitive 
mechanoreceptors in the skin (Willis 1985; Price and 
Dubner 1977; Price et al. 1976; Price et al. 1978). The 
demonstration of A-beta input prior to testing with 
nociceptive stimuli shows that WDR neurons in layer 
I are not misidentified nociceptive-specific, or neurons 
that respond mainly to heat, pinch, and cold, as has 
been claimed previously (Craig 2003). WDR neurons 
have a very distinct receptive field organization that 
contains a central cutaneous zone differentially respon¬ 
sive to non-noxious and noxious stimuli, and a larger 
surrounding zone that responds mainly to nociceptive 
stimuli. This receptive field organization provides a 
critical basis whereby populations of WDR neurons 
could encode the distinction between non-noxious and 
noxious stimulation. Multiple lines of evidence show 
that, in comparison to non-noxious stimuli, noxious 
stimuli activate higher impulse frequencies and a larger 
number of WDR neurons (Price and Dubner 1977; 
Dubner et al. 1986; Price et al. 1976; Price et al. 1978; 
Coghill et al. 1993). Consideration of the number of 
neurons activated is important in explaining encoding 
mechanisms because populations are what respond 
during non-noxious and noxious stimulation. 

Beyond these defining characteristics, several features 
of WDR neurons are highly consistent with their role in 

► exteroreceptive pain. First, they respond in a graded 
fashion to several forms of noxious stimuli that re¬ 


flect contact of external objects with the skin. To a 
major extent, their responses to these stimuli represent 
characteristics of the objects themselves. Their im¬ 
pulse frequency increases with sharper or hotter objects 
(above about 45°C), and in a manner that closely par¬ 
allels psychophysical responses (Dubner et al. 1986; 
Price et al. 1978; Coghill et al. 1993). Similar to pain 
ratings in human psychophysical experiments, their re¬ 
sponses to contact heat stimuli in the nociceptive range 
(45-51°C) are positively accelerating power functions. 
WDR neurons have a very high discriminative capac¬ 
ity, as demonstrated in studies of WDR neurons in 
conscious monkeys trained in a discrimination task 
(Dubner et al. 1986). Consistent with both human and 
monkeys’ ability to detect very small shifts within the 
noxious temperature range, WDR neurons responded to 
temperature shifts as small as 0.2°-0.4°C. NS neurons 
were much less sensitive to these small differences, 
and their discriminative capacity was not sufficient to 
account for psychophysical discriminations of either 
humans or monkeys. Deep dorsal horn WDR neurons 
have this discriminative capacity (Dubner et al. 1986). 
This feature of WDR neurons shows that they are a 
class of neurons that are part of an ascending exterore¬ 
ceptive pathway that is critical for discrimination of 
small differences in temperature of external objects. 
The functional role of such refined discrimination is 
related to the fact that mammals actually utilize re¬ 
fined nociceptive discrimination to acquire information 
about properties of external objects. A monkey picking 
berries out of a thorny bush or an animal stalking prey 
across hot rocks pursues these tasks in order to eat. The 
animal must carefully weigh the painfulness of thorns 
or hot rocks against its need for food. In making such 
decisions, it must assess whether different objects in 
the environment or movements in different directions 
will result in more or less pain. This high discrimina¬ 
tive capacity of the pain system also has an extremely 
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important implication in pain measurement, because it 
suggests that there are many more discriminative levels 
of pain than would be implied by simple category scales 
or numerical rating scales. 

A second reason that WDR neurons are involved in 
exteroreceptive pain is that they are somatotopically 
organized within the dorsal horn, thereby providing the 
basis for locating the external source of contact between 
objects and the body (Price and Dubner 1977; Price et 
al. 1976; Price et al. 1978; Yokota and Nishikawa 1980; 
Yokota 1985). Their ► somatotopic organization is 
a relatively unrecognized feature, and it has recently 
been claimed that they have only large receptive fields 
and, therefore, do not display somatotopic organization 
(Craig 2003). Yet their receptive field sizes range from 
very small (< 2 cm 2 ), to medium (e.g. a portion of a 
foot or part of one trigeminal division) to large (larger 
than the foot or one trigeminal division) in monkeys 
(Willis 1985; Price and Dubner 1977; Price et al. 1976; 
Price et al. 1978), and they are even smaller in cats 
(Yokota and Nishikawa 1980; Yokota 1985). Moreover, 
they are somatotopically organized in medio-lateral 
fashion within the trigeminal (Price et al. 1976; Yokota 
and Nishikawa 1980; Yokota 1985) and spinal dorsal 
horns (Willis 1985). 

A third reason that WDR neurons are involved in ex¬ 
teroreceptive pain is that their responses can distinguish 
between different forms of externally applied somatic 
stimulation, including the distinction between tactile 
stimuli and noxious stimuli. Monkey WDR spinotha¬ 
lamic tract neurons consistently increase their firing 
frequency (e.g. from below 10 Hz to 15-20 Hz) when a 
camel-hair brush is dragged gently across the glabrous 
skin of the foot (Price et al. 1978). They continue to re¬ 
spond at about this frequency for more than 20 seconds, 
and as long as 56 seconds after termination of this stim¬ 
ulus. This phenomenon parallels tactile after-sensations 
in humans evoked by the same type of stimulus (Melzack 
and Eisenberg 1968). For example, both human tac¬ 
tile after-sensations and WDR neuron after-responses 
abruptly terminate when the affected skin is rubbed 
(Price et al. 1978; Melzack and Eisenberg 1968). Since 
WDR neurons are the only class of spinal cord neu¬ 
rons that respond with tactile-after-responses, these 
responses are likely to be sufficient for this form of 
tactile sensation. Yet the same WDR neurons inevitably 
respond with a higher impulse frequency to noxious 
stimulation of the most sensitive portion of their recep¬ 
tive fields (Price and Dubner 1977; Price et al. 1976; 
Price et al. 1978; Coghill et al. 1993). Thus, WDR 
neurons respond differentially to several forms of so¬ 
matosensory stimulation, particularly when population 
factors are considered as factors in encoding (Coghill 
et al. 1993). They encode nociceptive intensity and the 
distinction between non-noxious and noxious stim¬ 
uli with exquisite precision (Price and Dubner 1977; 
Coghill et al. 1993). 


Nociceptive-Specific Neurons (Figure 2) 

Although dorsal horn NS neurons may be somewhat 
more common within superficial layers of the dorsal 
horn, they are less commonly found within the deep lay¬ 
ers of the dorsal horn (Price and Dubner 1977; Price et 
al. 1976; Price et al. 1978; Yokota and Nishikawa 1980; 
Yokota 1985). NS deep dorsal horn neurons receive 
synaptic input from the same types of primary nocicep¬ 
tive afferents that contact WDR neurons (Willis 1985; 
Price and Dubner 1977; Yokota and Nishikawa 1980). 
Unlike WDR neurons, however, they do not receive 
input from A-beta mechanoreceptors, and therefore 
respond predominantly to nociceptive stimuli. There 
are at least two types of NS, those receiving exclusive 
input from A-delta mechanical nociceptive afferents, 
and those receiving input from different types of A-delta 
and C nociceptive afferents. At least some of the latter 
respond to intense cold and have been termed “heat- 
pinch-cold” or HPC neurons (Craig 2003). Similar 
to WDR neurons, they are somatotopically organized 
within the dorsal horn (Craig 2003). NS appear to en¬ 
code stimulus location with precision as a result of their 
small receptive field sizes. The majority of NS neurons 
have input from multiple types of nociceptive afferent 
neurons. Thus, the encoding of stimulus submodality 
within the nociceptive domain (e.g. heat, chemical, 
and mechanical stimuli) is likely to depend heavily 
on composition of activated populations of neurons, 
a composition that includes both WDR and NS neu¬ 
rons. NS neurons may fine-tune the capacity to localize 
stimulus location as a result of their relatively small re¬ 
ceptive fields. A small minority of NS neurons may also 
fine-tune the ability to detect stimulus submodality as a 
result of the fact that they respond to input from only one 
type of primary nociceptive afferent (Willis 1985; Price 
and Dubner 1977; Price et al. 1976; Craig 2003; Yokota 
and Nishikawa 1980; Yokota 1985). These functions 
are exteroreceptive because they deal with detection of 
the location and physical nature of the object that is in 
contact with the skin (e.g. pinprick). 

The Coordination of Superficial and Deep Dorsal Horn Neurons 
The physiological characteristics of WDR and NS 
neurons and the differences between them are found 
at all levels of the ► spinothalamocortical pathway, 
including the deep dorsal horn where they are intermin¬ 
gled. They are likely to function in concert to encode 
the sensory discriminative features of noxious stimuli. 
Indeed, there is a long history of evidence that WDR 
and NS neurons function together as an integrated sys¬ 
tem within the dorsal horn (Price and Dubner 1977; 
Yokota and Nishikawa 1980; Yokota 1985; Khasabov et 
al. 2002; Suzuki et al. 2002). Recent studies show that 
destruction of some superficial dorsal horns containing 
the substance P receptor, some of which are likely to 
be nociceptive-specific, leads to widespread changes 
throughout the dorsal horn, particularly of WDR neu- 
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Figure 2 Schematics of wide 
dynamic range (WDR) and 
nociceptive-specific neurons 
(NS). WDR neurons receive 
synaptic convergence from A-beta 
mechanoreceptive afferents, 
A-delta nociceptive afferents, and 
C-nociceptive afferents, and NS 
neurons receive synaptic input 
only from nociceptive afferents. 
Local inhibitory and excitatory 
interneurons serve to control the 
input-output relationships of WDR 
neurons. 


rons (Khasabov et al. 2002; Suzuki et al. 2002). In 
particular, windup and responses indicative of ► central 
sensitization do not develop in the deep dorsal horn after 
destruction of neurons in the superficial layers. Thus, 
after this treatment, WDR neurons of the deep dorsal 
horn respond normally to innocuous mechanical stimuli 
and to brief forms of noxious stimulation to some extent, 
but they no longer display progressive increases in re¬ 
sponse to repeated C-fiber stimulation, termed windup 
(Khasabov et al. 2002; Suzuki et al. 2002). Consistent 
with this change in windup, they also display a large re¬ 
duction in the capacity to become sensitized (Khasabov 
et al. 2002; Suzuki et al. 2002). For example, they re¬ 
spond less intensely to intradermal capsaicin and do not 
show a delayed response to intradermal formalin (i.e. 
second phase is attenuated). Clearly, superficial and 
deep dorsal horn neurons are interactive, particularly 
during persistent pain conditions. 

Convergence of Cutaneous, Muscular, and Visceral Primary 
Afferents on Deep Dorsal Horn Neurons 

Primary afferent nociceptive neurons that innervate 
muscle, skin, and viscera have synaptic terminals on 
deep dorsal horn nociceptive neurons. These primary 
afferent neurons from divergent tissue sources often 
converge on and synaptically activate the same dorsal 
horn neuron, thereby providing part of the basis of 
referred pain from these tissues (Willis 1985; Fore¬ 
man 1977). A common pattern of convergence occurs 
on these neurons wherein the location of cutaneous, vis¬ 
ceral, and muscular “receptive fields” is expected on the 
basis of known patterns of referred pain. For example, 
stimulation of cardiac sympathetic nerve axons excites 
WDR and NS spinothalamic tract neurons that are lo¬ 
cated at upper thoracic segmental levels of monkeys’ 
spinal cords (Foreman 1977). These same neurons often 
have a cutaneous receptive field that extends along the 
inner aspect of the forearm, the pattern of pain referral 
in angina pectoralis. Similarly, spinothalamic neurons 
of upper lumbar segments can be excited both by nox¬ 
ious stimulation of the testicle and by noxious and 


non-noxious stimulation of the upper flank and lower 
abdominal skin areas, areas of pain referral in testicular 
injury (Willis et al. 1981). Some of these same neurons 
can also be excited by over-distension of the urinary 
bladder. The convergence of inputs from different tis¬ 
sue sources onto the same deep dorsal horn neurons 
provides confirmation of the convergence theory of re¬ 
ferred pain, and indicates that deep dorsal horn neurons 
are involved in interoceptive as well as exteroceptive 
pain. 

Central Projections of Deep Dorsal Horn Neurons 

Both WDR and NS neurons of the deep dorsal horn 
have axons that project to multiple levels of the brain, 
and the same WDR or NS neuron often has collateral 
axonal branches projecting to several brainstem sites 
(Willis 1985; Price et al. 1978). Thus, neurons of the 
deep dorsal horn receive synaptic input from multi¬ 
ple types of primary nociceptive and non-nociceptive 
primary afferent neurons, both directly and from su¬ 
perficial neurons. They convey tactile and nociceptive 
information to multiple brain sites and are related to 
several functions. Inasmuch as many neurons of as¬ 
cending spinal pathways origin are WDR neurons, 
and NS of the deep dorsal horn, these pathways must 
convey information about a wide variety of somatosen¬ 
sory events, including those related to touch, pain, and 
possibly innocuous temperature sensibility. This view 
contrasts sharply with that of “labeled lines” which 
proposes separate neuron types encode each form of 
somatosensation such as touch, warmth, itch, first pain, 
and second pain (Craig 2003). 
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Synonyms 

Spinothalamic neurons; spinal neurons projecting to the 
thalamus; Neuronal Structure; Neuronal Architecture 

Definition 

Structural characteristics of spinal neurons that dis¬ 
tribute axonal terminals to the thalamus 

Characteristics 

The structural features of a neuron are likely to give 
important insights on how it processes and integrates 
incoming signals and the kind of responses it gener¬ 
ates. This applies to the ► dendritic topography, which 
determines to which ► axonal arborizations different 
portions of the ► dendritic tree have access, as well as 
to the various morphological features that characterize 
the dendritic tree. Electrical responsivity of a neuron 
depends on the density and distribution of a large vari¬ 
ety of ionic channels, as well as on multiple variables. 


which together define the dendritic morphology. Little 
is known about how and to what extent firing properties 
are influenced by structural features, as, for example, 
the branching pattern of the dendritic arbor, thickness 
of dendrites at various segments, or shape, density and 
distribution of ► dendritic spines. A few studies on the 
spinal cord (Grudt and Perl 2002; Prescott and De Kon- 
inck 2002; Szucs et al. 2003) have recently addressed 
the question of whether the firing pattern of a neuron 
is determined by its dendritic structure. Although not 
clear cut, some correlations were pointed out, but the 
structural aspects accounting for the various types of 
responses were not established. Only the extent of 
dendritic arborization, expressed as the ratio of axo- 
somatic area to dendritic membrane area, was shown to 
correlate with specific firing patterns in computational 
models of cortical neurons (Mainen and Sejnowski 
1996). Understanding how structural features influence 
the biophysical properties of neurons will hopefully 
enable us to predict the kind of neuronal signals that 
are conveyed in the spinothalamic tract for particular 
stimulation conditions. 

The spinothalamic tract differs from several projecting 
systems, in that neurons contributing ► axons to it do 
not present a unique and particular morphology. Such 
diversity cannot be linearly correlated with the occur¬ 
rence of multiple terminal areas in the thalamus, since, 
in spite of overall differences, there is a large overlap 
of the spinal laminae that project to each thalamic tar¬ 
get (see ► spinothalamic neuron). The contribution of 
various spinal laminae to each spinothalamic ascending 
pathway is in itself a source of heterogeneity of the par¬ 
ticipating neurons. Not only that the nature of primary 
and modulatory impulses that impinge upon neurons in 
each lamina is different, but also several structural as¬ 
pects, including the size of ► soma and dendritic trees, 
vary considerably from lamina to lamina. The spinotha¬ 
lamic tract, as well as each one of its components on 
its own, is thus likely to carry an array of various sig¬ 
nals that differ as to the peripheral inputs that generate 
them, the local and supraspinal actions modulating them 
and their electrical properties. The spinothalamic system 
must, therefore, be considered to be fitted particularly 
to integrate several kinds of information arriving from 
the periphery, and filtered in multiple ways in the spinal 
cord. 

Structural differences between the neuronal populations 
at the various laminar sources of spinothalamic fibers 
were evaluated, taking into account the size and shape 
of the soma and the orientation of the soma and proxi¬ 
mal dendritic arbors (Kobayashi 1998). Neurons in the 
marginal zone (lamina I) and the lateral spinal nucleus 
are smaller than neurons in deeper spinal grey areas. In 
the marginal zone they are oriented parallel to the dorsal 
surface of the dorsal horn when viewed in the transverse 
plane, whereas in the lateral spinal nucleus no precise 
orientation was depicted. In the deep dorsal horn (lami- 
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nae IV-VI), perikarya are larger and either fusiform or 
multipolar in shape. However, in what was called the 
deep dorsal horn-neck (lamina IV and dorsal part of lam¬ 
ina V), neurons tended to be oriented parallel to the lami¬ 
nar borders, whereas in the deep dorsal horn-base (ven¬ 
tral lamina V and lamina VI) neurons did not present 
any particular orientation. In the internal basilar group 
(medial portion of lamina V), perikarya range in size 
from small to very large, but in any case are multipolar 
in shape and present dendritic arbors oriented parallel 
to the lateral edge of the dorsal funiculus. In the ventral 
horn (laminae VII and VIII), large soma prevail. In its 
medial portion they are all multipolar and oriented hor¬ 
izontally, whereas in the lateral portion they are either 
multipolar or fusiform, the latter being oriented verti¬ 
cally to the dorsal surface of the spinal cord. 

A more detailed description of the morphology of the 
spinothalamic neurons is only liable for the marginal 
zone (Galhardo et al. 2000; Lima and Coimbra 1986). 
In all the other areas of origin of the spinothalamic 
tract, both staining by retrograde tracing and Golgi im¬ 
pregnations are inconclusive as to neuronal structural 
systematization. In the spinal cord lamina I, neurons 
are distributed through four morphological groups: 
► (spinal) pyramidal (Fig. la), ► (spinal) flat tened 
(Fig. lb), ► (spinal) fusiform (Fig. le), and ► (spinal) 
multipolar. These four groups are present in similar pro¬ 
portions in species as different as the pigeon (Galhardo 
and Lima 1999), rat (Galhardo et al. 2000), cat (Lima 
et al. 2002), and monkey (Puskar et al. 2001), fusiform 
neurons accounting for almost 50% of the entire pop¬ 
ulation. They all have dendritic arbors elongated along 
the rostrocaudal axis, but the mediolateral extent is also 
considerable in the pyramidal and flattened groups, 
whereas in the multipolar group ventrally oriented 
dendrites are characteristically present. In the rat, their 
soma and dendritic arbors average 25 p,m and 300 p.m, 
respectively, along the rostrocaudal axis (Galhardo et 
al. 2000). In the cat and monkey, perikarya and dendritic 
arbors are slightly larger, averaging respectively, 30 p,m 
and 320 |im rostrocaudally (Lima et al. 2002; Puskar et 
al. 2001). There are no differences between the sizes of 
the various cell groups, but, in all the species studied, 
each group comprises a few cells (around 6%) that are 
twice to three times larger than the remaining. Some 
of these so called “giant” lamina I cells (flattened and 
pyramidal) receive a particularly important inhibitory 
GABAergic input (Lima and Coimbra 1988). They 
present nuclei completely devoid of heterochromatin 
and abundant cytoplasm with particularly extensive 
rough endoplasmic reticulum (unpublished data). Both 
small and giant cells participate in the spinothalamic 
tract (Lima and Coimbra 1986), as well as in other 
spinofugal pathways. 

Of the four neuronal groups present in lamina I, only 
two, the pyramidal and the flattened, project to the 
ventrobasal complex of the thalamus (Lima and Coim¬ 


bra 1986; Kobayashi 1998). Similar amounts of flat¬ 
tened and pyramidal cells are involved in the lateral 
spinothalamic tract. As to the medial thalamus, studies 
based on tracer injections confined to medial thalamic 
spinal targets did not discriminate the neuronal groups 
involved. However, in the cat (Zhang et al. 1996) and 
monkey (Zhang and Craig 1997), retrograde tracing 
from injections that encompassed both the lateral and 
medial thalamus revealed labeling of fusiform cells, 
in addition to pyramidal and flattened cells (the latter 
misleadingly called multipolar by the authors). It is pos¬ 
sible, therefore, that fusiform cells alone, or together 
with pyramidal and flattened cells, take part in the me¬ 
dial spinothalamic system. In this respect it should be 
noted that, although species differences between the 
rat on one side and the cat and monkey on the other, 
have been claimed to account for the participation of 
fusiform cells in the spinothalamic tract of the two 
latter species, the fact that the injection sites are not 
comparable, but rather include spinal thalamic targets 
that were not injected in the rat, does not allow this 
sort of conclusion. Moreover, data showing that some 
spinofugal nociceptive pathways in the pigeon com¬ 
pletely match those described in the rat as to the types 
and relative amounts of lamina I neurons involved, point 
to a high preservation of the structural characteristics 
of the ascending nociceptive pathways. 

Although distinct in several respects, pyramidal and 
flattened neurons do share a few characteristics, namely 
the mediolateral expansion of the dendritic tree and the 
scarcity of dendritic spines (Fig. la, b) (Galhardo et 
al. 2000; Lima et al. 2002; Puskar et al. 2001). Pyra¬ 
midal cells, in addition, have dendritic branches that 
course inside the white matter overlying the dorsal and 
dorsolateral surface of lamina I. The dendritic arbor 
of pyramidal cells ramifies at regular intervals, tracing 
the direction defined by the primary dendritic trunks 
(Fig. la, c). The dendritic field extends rostrocaudally, 
mediolaterally and dorsally as a triangular pyramid 
protruding into the dorsal funiculus or the dorsolateral 
fascilulus. In the rat, a few sessile pointed dendritic 
spines accumulate in proximal dendritic segments, 
near the soma (Galhardo et al. 2000). This feature, 
however, cannot be observed in the cat and monkey 
(Lima et al. 2002; Puskar et al. 2001). Axons are of 
the ► myelinated type, as revealed by the confine¬ 
ment of silver impregnation to the initial segment. In 
a few pyramidal neurons, axons were followed to the 
contralateral spinal gray (Grudt and Perl 2002). Flat¬ 
tened cells have disk-shaped soma flattened across the 
dorsoventral axis, and aspiny, sparsely ramified den¬ 
dritic arbors that extend as a roughly circular horizontal 
sheet inside lamina I (Fig. lb, d) (Galhardo et al. 2000; 
Lima et al. 2002; Puskar et al. 2001). Axons are of the 
myelinated type. 

Fusiform cells differ completely from pyramidal and 
flattened cells as to the strictly longitudinal orientation 
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Figure 1 Photomicrographs of 
spinal cord lamina I neurons 
silver-impregnated by the Golgi 
method (a, b, e) or retrogradely 
labeled with CTb from the ventrobasal 
complex of the thalamus (c, d). (a), 

(c) Pyramidal neurons from the rat, 
in horizontal view; (b), (d) Flattened 
neurons from the monkey (b) and rat 

(d) , in horizontal view; (e) Fusiform 
neurons from the cat, in horizontal 
view. 


of the dendritic arbor and the abundance of dendritic 
spines (Fig. le) (Galhardo et al. 2000; Lima et al. 2002; 
Puskar et al. 2001). The soma is flame-shaped and lon¬ 
gitudinally oriented, elongated rostrally and caudally 
by thick primary dendritic trunks that ramify profusely, 
hut at relatively large distances from the perikarya. 
Dendritic branches narrow progressively, the more dis¬ 
tal ones being extremely thin. Dendritic spines are all 
of the pedicled type, with round knobs connected to 
the dendritic shaft by short pedicles of similar length. 


They are absent from primary dendritic trunks and par¬ 
ticularly abundant in the distal portion of the dendritic 
arbor. Axons are of the ► unmyelinated type. They 
run longitudinally along with the dendritic arbor, with 
numerous boutons en passant and a few longitudinal 
collaterals. 

The majority of lamina I cells immunoreactive for 
met-enkephalin belong in the pyramidal group, while 
immunoreactivity for dynorphin is observed in similar 
amounts of pyramidal, flattened and fusiform neurons 
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(Lima et al. 1993). Most lamina I cells immunoreactive 
for substance P belong in the flattened group (Lima 
et al. 1993). A large number of fusiform cells are im¬ 
munoreactive for GABBA (Lima et al. 1993). Flattened 
cells immunoreactive for substance P were shown to 
project to the ventrobasal complex of the thalamus 
(Battaglia and Rustioni 1992). Neither enkephalin nor 
dynorphin have been observed in spinothalamic cells. 
Several attempts to detect immunoreactivity for GABA 
in projecting fusiform cells have also failed. According 
to these data, the possibility that each lamina I morpho¬ 
logical group participating in the spinothalamic tract 
has a counterpart of ► local circuit interneurons, has to 
be taken into account. 

In in vitro studies, pyramidal neurons were shown to 
fire in high frequency bursts of variable duration (phasic 
neurons) in response to injection of depolarizing cur¬ 
rent, although neurons generating tonic and single spike 
responses were also recorded (Prescott and De Kon- 
inck 2002; Grudt and Perl 2002). In contrast, almost all 
fusiform neurons fired continuously at low frequency 
throughout depolarization (tonic neurons) (Prescott 
and De Koninck 2002; Grudt and Perl 2002). Flat¬ 
tened cells were not included in the sample. Although 
no causal relation between dendritic morphology and 
firing pattern has been established, it was speculated 
that long sparsely branching dendrites may promote 
electrotonic filtering of synaptic events. Neurons with 
phasic responses, such as pyramidal neurons, would 
be optimally excited by short stimulation and would 
not rely on summation of inputs for spike generation. 
Fusiform neurons, which responded tonically, seemed 
particularly fitted to promote temporal summation and 
integration. 
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Synonyms 

Neuropeptides; co-transmission; neuromodulators 

Definition 

Peptides are short sequences of amino acids that are 
clipped from larger precursor proteins during synthesis. 
Peptides are packaged into large, dense core vesicles 
within the cell body and transported to the nerve termi¬ 
nal. The majority of primary afferent neurons of small 
and intermediate size contain one or more peptides. 
Peptides released from the central terminals of primary 
afferent neurons contribute to ► central sensitization 
and release from the peripheral terminals facilitates the 
inflammatory response and wound healing. In addi¬ 
tion to primary afferent neurons, peptidergic input to 
spinothalamic neurons arises from neurons within the 
spinal cord as well as projections from the brainstem. 

Characteristics 

Peptides occur in primary afferent neurons that inner¬ 
vate somatic and visceral targets (Table 1). Several 
aspects of peptidergic neurotransmission are important 
in understanding the contribution of peptides to the 
processing of nociceptive information by spinotha¬ 
lamic neurons (Flokfelt et al. 2000). 1) Peptides are 
released with small-molecule neurotransmitters such as 
glutamate, forming the basis for the concept of “► co¬ 
transmission.” 2) Peptides activate receptors that couple 
to ► G-proteins and G-proteins initiate the generation 
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Spinothalamic Tract Neurons, Peptidergic Input, Table 1 Peptides expressed in mammalian primary afferent neurons 


1 Peptide 

Normal Occurrence 

Plasticity | 

Calcitonin gene-related 
peptide (CGRP) 

Most abundant, occurs primarily in small neurons that give rise to 
AS- and C-fibers 

f with inflammation 
i in injured neurons 

Substance P 

Primarily in small neurons that give rise to C-fibers; extensive 
co-existence with CGRP 

twith inflammation 
| in injured neurons 

Vasoactive intestinal 
polypeptide (VIP) 

Primarily in visceral afferents 

f in injured, small diameter somatic afferents 

Galanin 

Low expression 

f in injured, small diameter somatic afferents 

Neuropeptide Y (NPY) 

Low expression 

f in injured, large diameter somatic afferents 

Enkephalin 

Primarily in small neurons within superficial dorsal horn 

f in intrinsic neurons with inflammation 

Dynorphin 

Primarily in small neurons within superficial dorsal horn 

f in intrinsic neurons with inflammation 


of the intracellular messengers that may ultimately 
enhance or inhibit excitability of spinothalamic neu¬ 
rons depending on the G-protein. 3) The expression 
of peptides by primary afferent neurons changes with 
disease states. Although a variety of peptides have been 
localized to primary afferent neurons in many species, 
the two peptides that have received considerable at¬ 
tention in the study of nociception are ► substance P 
and ► calcitonin gene-related peptide (CGRP). Both 
of these peptides have been localized to ► nociceptors 
(Lawson 2002), both are released in response to intense, 
persistent peripheral thermal, mechanical and chem¬ 
ical stimuli (Duggan et al. 1988) and both have been 
localized to terminals that make synaptic contacts onto 
spinal neurons in regions that give rise to spinothalamic 
neurons (DeKoninck et al. 1992). Effects of peptides 
on nociceptive behaviors and spinal cord physiology 
have been extensively explored, but less is known about 
their effects on spinothalamic neurons. Therefore, these 
two peptides will illustrate potential consequences of 
peptidergic input to spinothalamic neurons. 

Co-Transmission 

The concept of co-transmission stems from the fact that 
peptides are released with small-molecule neurotrans¬ 
mitters and sometimes other peptides that may also be 
contained within the same vesicle (e.g. substance P and 
CGRP). Peptides are synthesized in the neuronal cell 
body and stored in large dense-core vesicles in the nerve 
terminal. In contrast, the small molecule neurotransmit¬ 
ter glutamate is recovered from the synaptic space and 
stored in small synaptic vesicles. Glutamate is believed 
to be the universal transmitter of mammalian primary af¬ 
ferent neurons and is the transmitter responsible for ac¬ 
tivation of spinothalamic neurons in response to acute 
stimuli. Whereas brief stimuli are sufficient to release 
glutamate from small synaptic vesicles that cluster at 
a pre-synaptic density, persistent stimuli that generate 
higher firing frequencies of longer duration are required 
to evoke the release of peptides. The differential release 


of peptides and glutamate in response to neuronal firing 
may be due to a number of factors including the greater 
distance of large dense-core vesicles from the synapse, 
differences in the vesicle-membrane fusion proteins as¬ 
sociated with large dense-core vesicles and small synap¬ 
tic vesicles and differences in the intracellular calcium 
gradients generated by different types of stimuli. Conse¬ 
quently, peptide release encodes the intensity of noxious 
stimuli. Furthermore, because of differences in signaling 
mechanisms of receptors for peptides compared to re¬ 
ceptors for glutamate, antagonists for peptidergic recep¬ 
tors do not modulate acute nociceptive responses; how¬ 
ever central sensitization and hyperalgesia are decreased 
with both antagonists and gene deletion of peptidergic 
receptors (Parsons et al. 1996; Laird et al. 2001). 

G-Protein Coupled Receptors 

Direct effects of peptides on spinal neurons are mediated 
by ► metabotropic receptors that couple to G-proteins. 
In contrast to ► ionotropic receptors for glutamate, in 
which glutamate binding sites are part of a cation chan¬ 
nel that produces depolarization of the neuron on open¬ 
ing (e.g. AMPA receptors), effects of metabotropic re¬ 
ceptors are mediated by intracellular messengers, result¬ 
ing in a longer latency between receptor activation and 
physiological effect compared to ionotropic receptors. 
Metabotropic receptors may also activate multiple intra¬ 
cellular signaling pathways and the down-stream effects 
may or may not include modulation of ion channels. Fur¬ 
thermore, there are families of metabotropic receptors 
that are activated by peptides as well as glutamate. For 
example, substance P is a member of a family of pep¬ 
tides that includes ► neurokinin A (which is synthesized 
in primary afferent neurons as part of the same precursor 
molecule as substance P) and neurokinin B (synthesized 
by spinal neurons). These peptides activate a family of 
receptors, neurokinins (NK) 1,2, and 3, that are differen¬ 
tiated by the relative potency of the three peptides. All of 
the neurokinin receptors facilitate nociception, but most 
is known about the NK1 receptor. Substance P has the 
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messengers diacylglycerol (DAG) and inositol triphosphate (IP3) as well as release of Ca 2+ from intracellular stores. These intracellular messengers 
activate kinases, including protein kinase C (PKC), which can phosphorylate AMPA and NMDA receptors to increase their responses to glutamate. Kinases 
can also phosphorylate K+ channels, closing them and thereby increasing the excitability of the neuron. Increases in intracellular Ca 2+ from influx 
through NMDA receptors and release of Ca 2+ from intracellular stores can activate cyclo-oxygenase and nitric oxide synthase, which produce the 
membrane permeable messengers nitric oxide (NO) and prostaglandins (PG), respectively. 


greatest potency atNKl receptors. NK1 receptors occur 
at the highest density within the dorsal horn of the spinal 
cord and have been localized to spinothalamic neurons. 
Neurokinin-1 receptors in the spinal cord couple to ac¬ 
tivation of phospholipase C resulting in the activation 
of protein kinase C and release of calcium from intra¬ 
cellular stores (Fig. 1). SP contributes directly to central 
mechanisms of hyperalgesia by increasing the excitabil¬ 
ity of spinal neurons (Henry 1976) and indirectly, by fa¬ 
cilitating the activation of NMDA receptors (Urban et al. 
1994). Neurons in superficial laminae of the spinal cord 
that express NK1 receptors are required for sensitization 
of spinal neurons to mechanical and thermal stimuli fol¬ 
lowing treatment with capsaicin (Khasabov et al. 2002). 
Because of the time required for intracellular events, ef¬ 
fects of peptides do not contribute to sensation of acute 
stimuli. However, they contribute to central sensitization 
and secondary hyperalgesia. 

Peptidergic input to spinal neurons has broader conse¬ 
quences than changing the excitability of the spinotha¬ 


lamic neurons. For example, activation of spinal neu¬ 
rokinin receptors has also been linked to the generation 
of prostaglandins (Yaksh et al. 1999) and nitric oxide 
(Linden et al. 1999). Both of these messengers diffuse 
across cell membranes and can act back on terminals 
of primary afferent neurons, thus they are referred to as 
retrograde messengers. Prostaglandins and nitric oxide 
contribute to hyperalgesia by facilitating the release of 
neurotransmitters from presynaptic terminals. 
Increasing neuronal excitability and the generation of 
retrograde messengers are postsynaptic consequences 
of peptides that occur over seconds to minutes. However, 
the same pathways that mediate these effects also inter¬ 
face with pathways for regulation of gene expression. 
For example, CGRP has no overt behavioral effects 
when injected intrathecally and does not depolarize 
spinal neurons. However, ► secondary hyperalgesia 
is blocked in a-CGRP knockout mice (Zhang et al. 
2001). Long-term effects of CGRP on hyperalgesia 
accompanying peripheral inflammation are likely to 
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Spinothalamic Tract Neurons, Peptidergic Input, Figure 2 CGRP activates metabotropic receptors that couple to the generation of cyclic AMP (cAMP). 
Cyclic AMP activates protein kinase A (PKA), which can activate other kinases through phosphorylation. PKA and other kinases can phosphorylate the 
transcription factor cAMP response element binding protein (CREB) within the nucleus. When phosphorylated CREB forms a complex with other proteins 
at the cAMP response element (CRE) site within the promoter region of a gene, transcription is initiated. Several proteins that contribute to central 
sensitization have CRE binding sites in the promoter region of their genes. Other peptides, such as vasoactive intestinal polypeptide (VIP) may have 
similar effects because receptors for VIP also couple to the generation of cAMP. Peptides that activate receptors that couple to different G-proteins may 
regulate gene expression through different transcription factors. 


include regulation of gene expression (Fig. 2).CGRP 
receptors on spinal neurons couple to the generation of 
cyclic-AMP (cAMP), which activates an intracellular 
pathway that results in phosphorylation and activation 
of the transcription factor cAMP-response element 
binding protein (CREB). Several proteins that con¬ 
tribute to central sensitization and are increased in 
conjunction with peripheral inflammation have CRE- 
binding sites in the promoter region of their genes (e.g. 
► NK1 receptors, cyclo-oxygenase 2, ► nitric oxide 
synthase, dynorphin). Treatment of rat spinal neurons 
with CGRP increases CRE-dependent gene expression 
and substance P binding to spinal neurons (Seybold et 
al. 2003). As our understanding of pathways that con¬ 
tribute to the regulation of gene expression expands, it 
is likely that peptides will assume greater prominence 
in shaping long term changes in synaptic plasticity that 
contribute to chronic pain. 


Phenotypic Changes 

Just as peptidergic neurotransmission may modulate 
the expression of proteins in spinal neurons, the ex¬ 
pression of peptides by primary afferent neurons and 
spinal neurons changes with disease states. For exam¬ 
ple, peripheral inflammation increases levels of mRNA 
for substance P and CGRP in dorsal root ganglia, the 
site of cell bodies of primary afferent neurons. Peptide 
synthesis is increased in neurons that already express 
the peptides and novel expression is evoked in larger, 
non-nociceptive neurons that give rise to myelinated 
fibers (Neumann et al. 1996). The increase in mRNA 
contributes to increased release of substance P and 
CGRP from terminals in response to peripheral stimuli; 
the increased release contributes to enhanced effects of 
these peptides on central sensitization. Conversely, the 
expression of substance P and CGRP in small neurons 
within dorsal root ganglia decreases in models of neu- 
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ropathic pain, and the expression of other peptides, such 
as vasoactive intestinal polypeptide (VIP), ► galanin 
and ► neuropeptide Y (NPY), increases (Hokfelt et al. 
1994). These peptides activate receptors on primary 
afferent and spinal neurons that promote hyperalgesia 
through some of the same intracellular signaling path¬ 
ways described for substance P and CGRP. However, 
VIP, galanin and NPY will activate their own receptors 
that are distributed among a unique pattern of spinal 
neurons. 

Other Sources of Peptidergic Input 

Descending projections from the brainstem and neu¬ 
rons intrinsic to the spinal cord are additional sources 
of peptidergic input to spinothalamic tract neurons. 
► Opioid peptides (met-enkephalin, leu-enkephalin, 
dynorphin, endomorphin) are noteworthy because they 
activate opioid receptors (mu, delta and kappa) that 
mediate inhibitory effects on spinothalamic neurons. 
Synaptic contacts of terminals containing these peptides 
onto spinothalamic neurons have been described (Ruda 
1982). Opioid analgesia is effective because it mimics 
neurotransmission of these endogenous substances. 
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Definition 

Discharge of spinothalamic tract neurons in response to 
chemical stimulation of the receptive field. The receptive 
field may be located in skin or in deep tissues. 

Characteristics 

Many studies have demonstrated that spinothalamic 
tract (STT) neurons are excited by noxious chemi¬ 
cal stimulation of deep tissues as well as skin. Early 
studies showed that STT neurons in monkeys were ex¬ 
cited by injection of bradykinin into the femoral artery 
(Levante et al. 1975). Although intra-arterial injection 
of bradykinin in humans produces pain, which sug¬ 
gests that activation of STT neurons contributed to the 
bradykinin evoked pain, it is unclear in which tissues 
the bradykinin receptors were activated, since several 
different types of tissue receive blood supply from the 
injected artery. In subsequent studies, responses of STT 
neurons were determined following noxious chemical 
stimulation of identified tissues. For example, Fore¬ 
man et al. (1979) examined responses of STT neurons 
produced by intra-arterial injection in preparations in 
which all nerves of the distal hind limb were denervated 
except for those innervating the triceps surae muscles. 
Thus, activation of STT neurons following intra-arterial 
injection was due to excitation of receptors and primary 
afferent fibers in muscle. It was found that injection of 
bradykinin, serotonin or KCL produced strong excita¬ 
tion of STT neurons. Many of the neurons excited were 
located in the deep dorsal horn. The time course of re¬ 
sponse and responses to repeated injections of the same 
chemical differed for the different chemicals used. For 
example, excitation by bradykinin had a slower time 
course than serotonin or KCL and, whereas repeated 
injections of bradykinin produced similar responses, 
tachyphylaxis occurred for responses to serotonin. 

The effect of chemical stimulation of the heart on re¬ 
sponses of STT neurons has also been determined. In 
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initial studies, it was found that occlusion of a coronary 
artery often produced a delayed excitation of STT neu¬ 
rons, perhaps corresponding to the development of is¬ 
chemia (and pain) in cardiac muscle (Blair et al. 1984). 
Since bradykinin excites small afferent fibers that inner¬ 
vate the heart and which may contribute to pain associ¬ 
ated with angina, it was determined whether intracardiac 
injection of bradykinin excited STT neurons (Ammons 
et al. 1985; Blair et al. 1982 1984). In one study (Blair 
et al. 1982) it was found that bradykinin (0.3-3.5 |xg) 
excited approximately 75% of STT neurons located in 
the superficial and deep dorsal horn in C8 to T5 spinal 
segments and the average discharge rate after bradykinin 
was about twice that of the spontaneous activity prior to 
injection. In addition, chemical stimulation of cardiac 
or pericardiac tissue with a chemical mixture contain¬ 
ing adenosine, bradykinin, prostaglandin, serotonin and 
histamine excited STT neurons in the C1-C2 spinal seg¬ 
ments (Chandler et al. 2000). Thus, activation of STT 
neurons that receive input from small caliber cardiac af¬ 
ferent fibers is likely to contribute to anginal pain. 

STT neurons are also excited by chemical stimulation 
of joints. For example, intra-articular injection of kaolin 
and carrageenan, which has been used as a model of in¬ 
flammation, increased spontaneous activity of STT neu¬ 
rons (Dougherty et al. 1992). 

Chemical stimulation of the skin also excites STT neu¬ 
rons. Intradermal injection of capsaicin (100 |xg) pro¬ 
duced a robust excitation of STT neurons located in the 
superficial and deep dorsal horn in monkeys (Simone 
et al. 1991a; Simone et al. 2004). The magnitude and 
time course of excitation of STT neurons was similar to 
the time course of pain in humans following similar in¬ 
jection of capsaicin (Simone et al. 1989; LaMotte et al. 
1991). These STT neurons, which were also sensitive 
to mechanical stimuli, exhibited weak responses to in¬ 
tradermal injection of histamine (Simone et al. 2004). 
However in cats, iontophoretic application of histamine 
produced a greater excitation in STT neurons that were 
not sensitive to mechanical stimulation of their receptive 
field (Andrew and Craig 2001). Since histamine evokes 
a sensation of itch in humans (Magerl et al. 1990; Si¬ 
mone et al. 1991b), these studies indicate that a unique 
subgroup of mechanically insensitive STT neurons may 
contribute to the sensation of itch. 
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Definition 

Nitric oxide is a diffusible gas that may be released 
in nervous tissue during activity. Nitric oxide plays an 
important role in the ► central sensitization of spinotha¬ 
lamic tract neurons that occurs following strong noxious 
stimuli. The initiation of central sensitization involves 
the release of synaptic transmitters, including glutamate 
and the excitatory neuropeptides, ► substance P and 
► calcitonin gene-related peptide. The actions of these 
transmitters on glutamate and peptide receptors lead to 
increased intracellular calcium concentration and the 
activation of a number of signal transduction cascades. 
One of these signal transduction cascades involves the 
activation of ► nitric oxide synthase, leading to the syn¬ 
thesis and release of nitric oxide within the spinal cord. 
Nitric oxide in turn activates guanylyl cyclase, resulting 
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in increased production of cyclic GMP. The cGMP ac¬ 
tivates protein kinase G, which can then phosphorylate 
proteins important for central sensitization. 


Characteristics 


► Central sensitization of the responses of nociceptive 
neurons in the spinal cord, including spinothalamic tract 
cells, can occur following acute inflammation or as a 
contributor to other painful conditions, such as neuro¬ 
pathic pain. ► Peripheral sensitization of nociceptive af- 
ferents may occur, as well, but the demonstration of cen¬ 
tral sensitization is independent of peripheral sensitiza¬ 
tion. For example, stimulation of an undamaged or un¬ 
inflamed area of the body adjacent to the damaged area 
can produce an enhanced activation of spinal neurons 
that have undergone central sensitization (Simone et al. 
1991; Dougherty and Willis 1992). For this reason, it 
is thought that central sensitization can help explain the 
development of ► secondary mechanical allodynia and 

► hyperalgesia in the area of skin that surrounds a site 
of damage (Hardy et al. 1967). 

Central sensitization is a form of ► activity-dependent 
plasticity and resembles in many details the process of 

► long-term potentiation (LTP) that is observed in brain 
areas, such as the hippocampal formation (Willis 2002). 
A number of laboratories have described a form of LTP 
that occurs in the spinal cord (see Willis 2002), so the 
findings of similarities between central sensitization and 
LTP are not surprising. 

A consistent procedure for evoking central sensitiza¬ 
tion in primate spinothalamic tract cells is to inject 

► capsaicin intradermally within the receptive field 
(Simone et al. 1991) (Dougherty and Willis 1992). 
This generally leads to a powerful activation of the 
spinothalamic tract cell and an enhanced responsive¬ 
ness of the neuron to innocuous and sometimes noxious 
mechanical stimulation of an area of skin surrounding 
the injection site. Recordings from primary afferent 
fibers that innervate the same region of skin show that 
the responsiveness of the peripheral nerve fibers is un¬ 
changed (Baumann et al. 1991; LaMotte et al. 1992). 
Despite this, the responses of the spinothalamic tract 
cell can be elevated for a period of hours. 

Experiments in which antagonists of various neurotrans¬ 
mitter receptors are introduced into the spinal cord near 
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Figure 1 Absorbance peaks for NO 2- measured by high perfor¬ 
mance liquid chromatography using a UV detector. (NO 3- was reduced 
to NO 2- so that the measurements represent the combination of both 
NO metabolites.) (a) Peak produced by a 25 g.M standard, (b) Baseline 
peaks produced by 3 samples taken from the lumbar spinal cord by 
microdialysis over a period of 1 h after surgery, (c) Peaks from samples 
taken following intradermal injection of capsaicin, (d) Peaks showing 
recovery from the first capsaicin injection. Between (d) and (e), a nitric 
oxide synthase inhibitor was administered through the microdialysis fiber 
for 40 min. (e) Peaks showing lack of response to a second injection 
capsaicin. (From Wu J et al. 1998). 
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a spinothalamic tract neuron by ► microdialysis have 
shown that the initiation of central sensitization depends 
on the activation of several kinds of ► neurotransmitter 
receptors, including non-N-methyl-D-aspartate, N-me- 
thyl-D-aspartate and metabotropic glutamate receptors, 
as well as neurokinin-1 receptors (Willis 2002). Calci¬ 
tonin gene-related peptide receptors (CGRP receptors) 
are also involved in the initiation of central sensitization 
in dorsal horn nociceptive neurons, since spinal cord ad¬ 
ministration of a CGRP receptor antagonist blocks cen¬ 
tral sensitization of nociceptive dorsal horn neurons by 
intradermal injection of capsaicin (Sun et al. 2003). 
The duration of central sensitization is much longer than 
would be expected for the normal synaptic actions of glu¬ 
tamate or peptides. This leads to the suggestion that cen¬ 


tral sensitization depends on the activation of ► second 
messenger cascades. One such cascade that has been in¬ 
vestigated involves the synthesis and release of ► nitric 
oxide in the spinal cord following intradermal injection 
of capsaicin. Fig. 1 shows the enhanced level of nitrite 
(and nitrate that was reduced to nitrite) in dialysate col¬ 
lected from the dorsal horn of a rat spinal cord by mi¬ 
crodialysis following an intradermal injection of cap¬ 
saicin (Wu et al. 1998). The increase in nitrite, which 
is a metabolite of nitric oxide, was the result of the ac¬ 
tion of ► nitric oxide synthase, since the increase was 
prevented by administration of a nitric oxide synthase 
inhibitor. 

Several additional lines of evidence suggest a role of 
nitric oxide in the central sensitization of spinothalamic 
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Spinothalamic Tract Neurons, Role 
of Nitric Oxide, Figure 2 Effects 
of microdialysis administration 
of a nitric oxide donor (3- 
morpholinosydnonimine, SIN-1) into 
the dorsal horn of the spinal cord 
of a monkey while recordings were 
made from a spinothalamic tract 
neuron, (a) responses are shown to 
stimulation of different parts of the 
receptive field using weak (Brush), 
intermediate strength (Press) and 
strong (Pinch) mechanical stimuli, as 
well as a noxious thermal stimulus 
(Heat). The horizontal bars over 
the left 3 columns of peristimulus 
time histograms indicate when the 
mechanical stimuli were applied. A 
temperature monitor is shown over 
the histograms in the rightmost 
column of histograms of the heat 
responses. The top row of histograms 
shows the control responses. 
Following these recordings, SIN-1 
was infused through the microdialysis 
fiber. The lower two rows are the 
responses 0.5 h and 2 h after the 
infusion, (b) grouped data for 15 
spinothalamic tract neurons show 
the enhancement of the responses 
to mechanical but not heat stimuli 
during SIN-1 infusions and for 0.5 h 
afterwards. Background activity 
(BKG) was also increased. (From Lin 
Q et al. 1999). 
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tract cells. Administration of a nitric oxide donor causes 
an enhancement of the responses of spinothalamic tract 
cells to mechanical stimuli (Fig. 2), and microdialysis 
administration of a nitric oxide synthase inhibitor pre¬ 
vents central sensitization (Lin et al. 1997). Nitric oxide 
often has its primary effect by activation of guanylyl 
cyclase, which results in an increased intracellular 
synthesis of cyclic GMP and as a consequence the acti¬ 
vation of protein kinase G. For this reason, the effects of 
agents affecting the protein kinase G cascade have been 
examined. Microdialysis administration of 8-bromo- 
cyclic GMP enhances the excitability of spinothalamic 
tract cells, whereas a guanylyl cyclase inhibitor, ODQ, 
prevents central sensitization by intradermal capsaicin 
injection (Lin et al. 1999a; Lin etal. 1999b). Glutamate 
and aspartate are released into the dorsal horn following 
intradermal injection of capsaicin, and this release is 
blocked after administration of a protein kinase G in¬ 
hibitor, but not after administration of a protein kinase 
A inhibitor (Sluka and Willis 1998). 

Other signal transduction cascades have also been shown 
to be involved in central sensitization, including the cal¬ 
cium/calmodulin kinase II, protein kinase C and protein 
kinase A pathways (Willis 2002). 

It is as yet unclear what the action of protein kinase G 
might be in central sensitization. Protein kinase C and 
protein kinase A are involved in the phosphorylation of 
glutamate receptors, including the NR1 subunits of N- 
methyl-D-aspartate receptors and the GluRl subunits of 
AMPA receptors (Willis 2002). It is thought that phos¬ 
phorylation of these receptors makes them more respon¬ 
sive to the effects of glutamate released at synapses on 
spinothalamic tract cells. Additionally or alternatively, 
phosphorylation of glutamate receptors may assist in the 
insertion of more receptor molecules into the neuronal 
membrane. In addition, the responses of spinothalamic 
tract cells to inhibitory amino acids are reduced during 
central sensitization (Lin et al. 1999). It is not known if 
this is the result of phosphorylation of inhibitory amino 
acid receptors. 

Two other roles of nitric oxide have been observed in 
studies of central sensitization following intradermal 
capsaicin administration. One role of nitric oxide is to 
trigger the expression of ► Fos protein in the spinal 
cord dorsal horn (Wu et al. 2000). Administration of 
a nitric oxide donor results in Fos expression (Fig. 
3), whereas administration of a nitric oxide synthase 
inhibitor reduces the expression of Fos following cap¬ 
saicin injection. The immediate-early gene, c-Fos, is 
thought to act on the nucleus of neurons through ex¬ 
pression of Fos protein, with a consequent regulation 
of gene expression related to nociception. Another 
action of nitric oxide is to promote the phosphoryla¬ 
tion of ► cychc adenosine monophosphate-responsive 
element-binding protein (CREB) in the spinal cord (Wu 
et al. 2002). CREB is also a transcription factor, and 
its activation by phosphorylation also leads to changes 
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Figure 3 Administration of a nitric oxide donor increases the ex¬ 
pression of Fos protein in the spinal cord, (a) Section of the spinal cord 
of a rat at the level of placement of a microdialysis fiber. The nitric oxide 
donor, SIN-1, was infused through the microdialysis fiber for 30 min. 
Spinal cord tissue was removed at 2 h and immunostained for Fos 
protein. Labeled neurons are plotted dorsal and ventral to the gap made 
by the microdialysis fiber. There was very little labeling when artificial 
cerebrospinal fluid was infused instead of SIN-1 (data not shown). 
Evidently, SIN-1 triggered the expression of Fos. The increase in Fos 
labeling spread about 400 p,m from the edges of the microdialysis fiber, 
(b) Western blot showing the expression of Fos protein when the spinal 
cord was removed 30 min or 2 h after infusion of artificial cerebrospinal 
fluid or SIN-1. Fos expression was greatly increased following SIN-1 
administration. (From Wu J et al. 2000). 


in gene expression. Phosphorylation of CREB is seen 
after either intradermal capsaicin injection or after 
spinal cord administration of a nitric oxide donor. The 
phosphorylation is blocked by a nitric oxide synthase 
inhibitor. 
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Synonyms 

“Pain” pathway; Nociceptive Projecting Neurons; vis¬ 
ceral pain; angina pectoris 

Characteristics 

Spinothalamic tract cells - Spinal cord processing 

The spinothalamic tract originates from cells in the dor¬ 
sal gray matter, ascends in the contralateral anterolat¬ 
eral funiculus and terminates in the thalamus. The dor¬ 
sal and intermediate gray matter of the spinal dorsal is 
made up of cells serving as interneurons and as the origin 
of ascending pathways that transmit visceral informa¬ 
tion to areas of the brain processing sensory information 
and participating in pain perception (Fig. 1) (reviewed in 
Willis and Westlund 1997). Of the ascending pathways, 
the STT is the most studied system for transmitting vis¬ 
ceral afferent information to the brain. Axons of STT 
cells generally cross over in the white commissure to the 


contralateral side within one or two segments and then 
ascend generally in the anterolateral quadrant. Recent 
studies, however, have shown that some axons remain 
on the ipsilateral side and some are in the dorsolateral 
quadrant (Apkarian and Hodge 1989). Visceral informa¬ 
tion from the upper thoracic segments usually converges 
with input from somatic structures and ascends to the lat¬ 
eral and medial thalamus (reviewed in Foreman 1997; 
Foreman 1999). 

Neurophysiological Mechanisms of Visceral Pain and Spinotha¬ 
lamic Tract Cells 

Patients with angina pectoris express three main clini¬ 
cal characteristics to describe their symptoms: ( a ) pain 
from the heart is generally referred to somatic structures 
innervated by the same spinal segments that innervate 
the heart (Ruch 1961); (b) the pain of angina pectoris 
is referred to proximal and axial body areas but gener¬ 
ally not to distal limbs (Bonica 1990) and (c) angina pec¬ 
toris is generally felt as deep and not superficial or cuta¬ 
neous pain (Lewis 1942). In this section, neurophysio¬ 
logical mechanisms are described to support the patient 
observations of the referred pain associated with my¬ 
ocardial ischemia and other cardiac diseases. The prin¬ 
ciples of the mechanisms discussed below can also be 
used to describe referred pain associated with diseases of 
the esophagus, gall bladder, stomach, colon and rectum, 
urinary bladder and reproductive organs. 

Viscerosomatic Convergence 

Electrophysiological studies show that electrical stim¬ 
ulation of cardiopulmonary afferent fibers excites STT 
cells in the T1 to T6 segments of the spinal cord (Hobbs 
et al. 1992). Approximately 80% of the cells recorded 
in these segments are strongly activated with cardiopul¬ 
monary afferent stimulation, and all these cells receive 
convergent input from somatic structures. It is interest¬ 
ing that cardiopulmonary afferent stimulation has little 
effect on the activity of cells in the C7 and C8 segments, 
where the major innervation is to the distal forelimb and 
hand. This fits with the clinical observations that anginal 
pain is usually not referred to the hand and distal fore¬ 
limb (Harrison and Reeves 1968; Sampson and Cheitlin 
1971). Thus, the lack of responsiveness of these cells 
agrees with clinical observations. Once past the cervical 
enlargement, STT cells of the C5-C6 segments are again 
primarily excited by cardiopulmonary sympathetic af¬ 
ferent and somatic stimulation. Somatic fields for these 
cells are primarily from the chest. An interesting fea¬ 
ture of these segments is that they do not receive car¬ 
diac input directly from their dorsal root ganglion cells; 
in fact, the afferent input is a few segments away. Some 
evidence suggests that cardiopulmonary afferent fibers 
may activate cell bodies of a propriospinal path where 
it directly or indirectly makes synaptic connection with 
STT cells in the cervical region (Nowicki and Szulczyk 
1986). It is also possible that afferent branches of the T2 
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Figure 1 Schematic diagram of 
the neural mechanisms that explain 
the characteristics of referred pain 
resulting from angina pectoris. 

The green solid line represents 
the spinothalamic tract with the 
cells located in the spinal gray 
matter in each segment and the 
axons projecting to the lateral 
(caudal ventral posterior lateral 
nucleus [VPLc] and the medial 
(central lateral [CL] and central 
median-parafascicular nucleus 
[CM-Pf]). The black areas on the 
figurines are representative somatic 
fields. The red line from the heart 
to the spinal cord represents the 
sympathetic afferent fibers from 
the heart.The red line from the 
T1-T5 spinal segments to the 
C5-C6 segments is that intraspinal 
pathway transmitting cardiac 
afferent information that bypasses 
the C7-C8 segments and projects 
to the mid cervical segments. NTS, 
Nucleus Tract 


and T3 sympathetic fibers may travel in the zone of Lis- 
sauer for several segments (Sugiura et al. 1989). Thus, 
convergence of visceral and somatic input onto a com¬ 
mon pool of STT cells provides a substrate for explaining 
the referral of pain to somatic structures. 

Proximal And Axial Somatic Involvement 

Neurophysiological mechanisms also provide a basis for 
the proximal nature of the referred pain of angina pec¬ 
toris. Electrophysiological studies of the STT show that 
cardiopulmonary afferent input most commonly excites 
cells with proximal somatic receptive fields (Hobbs et 
al. 1992). Cardiopulmonary input strongly excites ap¬ 
proximately 80% of the STT cells with proximal somatic 
receptor fields but only weakly excites 35% of the cells 
with distal somatic input. Thus, the relationship of cells 
with excitatory visceral input and proximal axial fields 
is highly significant. These neurophysiological observa¬ 
tions support the human studies that angina pectoris is 
most commonly felt in the proximal and axial regions 
of the left arm and chest. The frequency distribution of 
angina pectoris shows that the chest is involved more 
than 95% of the time, the pain radiates 30-60% of the 
time to the left proximal shoulder and less involvement 
occurs down the arm (Sampson and Cheitlin 1971). Prox¬ 
imal and axial pain is common for all forms of visceral 
pain. 

Deep, Dull, Diffuse, Aching Pain 

The final characteristic of angina pectoris is the deep, 
diffuse, dull nature of the symptoms. These sensations 


are comparable to muscle pain. That is, the pain is 
typically deep and aching and is often associated with 
referred muscle hyperalgesia. The similarity of muscle 
pain and visceral pain was shown in patients who suffer 
frequently from angina pectoris referred unilaterally 
to the chest and radiating down the inner aspect of the 
left arm (Lewis 1942). These patients could not dis¬ 
tinguish their anginal pain from pain they experienced 
when hypertonic saline solution was injected into the 
interspinus ligament of the left eighth cervical or first 
thoracic spinal segment. The pain is diffuse, continuous, 
and difficult to describe, although it can be identified 
as causing suffering (Lewis 1942). 

Visceral Pain and Hyperalgesia 

Human studies show that referred muscle hyperalgesia 
resulting from a diseased visceral organ is a common 
presentation in the clinic (Giamberardino et al., 1993). 
Although this section focuses on the results of hyper¬ 
algesia from different visceral organs, the possibility 
of hyperalgesia resulting from angina pectoris should 
also be considered. Patients suffering pain caused by 
calculosis of the upper urinary tract experience mus¬ 
cular hyperalgesia with less involvement of overlying 
cutaneous structures (Giamberardino et al. 1994; Vec- 
chiet et al. 1989). Experimental studies also show that 
stimulation of the ureter results in muscular hyperal¬ 
gesia and ► central sensitization of dorsal horn cells 
(Giamberardino et al. 1997; Laird et al. 1996). Their 
results show that muscle and deep structures contribute 
to referred pain resulting from visceral diseases, while 
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cutaneous pain plays a much smaller role. Evidence 
exists to suggest that the STT plays a role in processing 
sensations associated with muscle changes resulting 
from visceral pain. This evidence is based on stud¬ 
ies showing that STT cells responding to nociceptive 
cardiac information received the most potent somatic 
inputs from muscle in the proximal structures. In con¬ 
trast, cells with distal cutaneous input received very 
little if any noxious cardiac input (Hobbs et al. 1992). 
Thus, converging input from deep tissue and visceral 
afferent fibers onto STT cells may provide a basis for 
explaining why visceral pain, such as that resulting 
from myocardial ischemia, is felt predominantly as a 
deep or localized suffering pain, generally in proximal 
structures such as muscles, tendons and ligaments. 
It also supports the idea that some hyperalgesia may 
remain after episodes of angina pectoris. 
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Spinothalamocortical Pathway 

Definition 

The spinothalamocortical pathway is the somatosensory 
pathway that originates mainly in the dorsal horn and 
projects to various nuclei within the thalamus that, in 
turn, project to various regions within the cerebral cor¬ 
tex. 

► Spinothalamic Tract Neurons, in Deep Dorsal Horn 
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Synonyms 

Nucleus Gelatinosus 

Definition 

The ► nucleus submedius (SM) is a small oblong 
nucleus that is located ventromedial to the internal 
medullary lamina of the thalamus and is bounded by 
the nucleus reuniens medioventrally, the rhomboid and 
central medial nuclei mediodorsally and the mammil- 
lothalamic tract ventrolaterally (Fig. 1). In the cat, the 
dorsal portion of the SM receives topographically orga¬ 
nized projections exclusively from neurons located in 

► lamina I of both the medullary (trigeminal) and spinal 

► dorsal horn (Craig and Burton 1981). In the rat, the 
trigeminal, and especially spinal, afferent projections 
are substantially smaller than in the cat. Those rat spinal 
neurons that do send their axons to the SM are located 
in deeper spinal laminae, rather than lamina I (Dado and 
Giesler 1990). Based on their data, Craig and Burton 
(1981) proposed that the SM might play an important 
role in ► nociception. 

Characteristics 

Coffield et al. (1992) employed the fluorescent tracers 
Fluoro-Gold and l,l’-Dioctadecyl-3,3,3,3 -tetramethyl 
indocarbocyanine perchlorate (Dil) as retrograde mark¬ 
ers to examine the organization of reciprocal connec¬ 
tions between the SM and the ► ventrolateral orbital cor¬ 
tex (VLO) and to investigate the connections of both of 
these areas with the midbrain in the rat. 
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SpinothalamocorticalProjectionsfromSM, Figure 1 Photomicrograph 
of a cresyl violet-stained section representative of the rat ventromedial 
thalamus in the coronal plane (50 p,m thick section; magnification = lOx). 
The SM is bounded dorsomedially by the rhomboid (Rh) and central medial 
(CM) nuclei, ventromedially by the reuniens nucleus (Re) and ventrolaterally 
by the mammillothalamic tract (mt). The dorsal part of the SM (SM d ) is 
separated from the ventral part (SM V ) by a thin fiber lamina extending 
mediolaterally. Dorsal is up. Scale bar = 200 g,m. 


VLO Neurons Retrogradely Labeled from the SM (Fig. 2) 

► Retrogradely labeled neurons were observed bilater¬ 
ally throughout the rostrocaudal extent of the VLO, with 
the majority of labeled cells located ipsilaterally. Most 
of the labeled neurons were confined to cortical layers 5 
and 6. Densely packed cells were found in layer 5, with 
more diffuse labeling present in layer 6. In general, when 
the dye injection filled the whole SM, labeled neurons 
were concentrated in a narrow band bordering the me¬ 
dial edge of the VLO, curving ventrally toward the ol¬ 
factory cortex. This was especially evident in the caudal 
aspect of the VLO. Fewer labeled neurons were noted 
in layers 5 and 6 of the lateral edge of the VLO and lat¬ 
eral orbital cortex (LO). This distribution of labeled cells 
was consistent from rat to rat. More diffusely located, 
labeled neurons were noted in layers 5/6 of the medial 
prefrontal cortex (medial orbital cortex, cingulate cortex 
areas 1 and 3, frontal cortex area 2). 

Variations in labeling were noted when different re¬ 
gions of the SM were injected. When the injection was 
centered in the dorsal SM (with little or no dye spread 
into the ventral SM), the retrogradely labeled neurons 
extended from the lateral VLO rostrally to the medial 
VLO caudally. Conversely, when the dye injection 
included mostly the ventral SM, the greatest number 
of retrogradely labeled cells extended from the medial 
VLO rostrally to the lateral VLO caudally. The number 
of retrogradely labeled neurons in the medial prefrontal 
cortex increased with the spread of the injection site 
into the rhomboid and reuniens nuclei. Injection sites 
centered dorsal to the SM (e.g., in central medial, in- 
teranterodorsal and mediodorsal nuclei) or medial to 
the SM (rhomboid and reuniens nuclei) resulted in 


decreased labeling in the VLO and a corresponding 
increase in labeling in the medial prefrontal cortex. 
Retrogradely labeled neurons were also seen in other ar¬ 
eas of the prefrontal cortex. These included a limited bi¬ 
lateral focus in area 2 of the frontal cortex and diffuse 
labeling in the ► contralateral VLO, LO and cingulate 
cortical areas 1 and 3. Diffusely located, retrogradely la¬ 
beled neurons were also noted in the somatosensory cor¬ 
tex, the amygdaloid nuclei and the globus pallidus (not 
illustrated). 

SM Neurons Retrogradely Labeled from the VLO (Fig. 2) 

The greatest number of retrogradely labeled SM neurons 
was noted when the injection site was centered around or 
encompassed the ventrolateral and rostral aspect of the 
VLO, including the medial aspect of the LO. The label in 
the SM was invariably ► ipsilateral with few SM neurons 
labeled ► contralateral to the injection site. 

Different areas of the SM were labeled differently de¬ 
pending on the placement of the dye in the VLO. When 
the VLO injection was located medially, retrogradely 
labeled neurons were noted in the anteroventral, but 
not dorsal, SM. The dorsal SM was labeled when the 
injection was situated more laterally and ventrally in 
cortical layers 1-3. In addition, when the injection 
site was centered more medially to include the me¬ 
dial and ventral orbital cortices, other thalamic nuclei 
(mediodorsal, central medial, anteromedial) contained 
labeled neurons. When the injection spread more ven¬ 
trally to include the dorsal and medial parts of the rhinal 
sulcus (layer 1), then the thalamic ventromedial nucleus 
was labeled. When the injection site was located in the 
medial and caudal aspect of the VLO, no label was 
noted in the SM. Injection into the olfactory cortex (just 
ventral to VLO) or the claustrum (just caudal to VLO) 
did not lead to labeling in the SM. 

Midbrain Neurons Retrogradely Labeled from the VLO (Fig. 2) 

Labeled neurons were found throughout the rostrocau¬ 
dal extent of the ventral ► periaqueductal gray (PAG). 
Most of the labeled neurons were seen in the contralat¬ 
eral caudal 3/4 of the PAG, although some ipsilateral la¬ 
beling was also noted. No labeled neurons were seen in 
the dorsal PAG. Many of the labeled neurons were found 
along the ventral midline of the PAG, in the dorsal raphe 
nucleus as well as deeper midline nuclei including the 
caudal linear and median raphe nuclei. A few neurons 
were seen in the raphe magnus. Labeled neurons were 
also found in the substantia nigra (mostly contralateral; 
not illustrated). Occasionally, neurons were found scat¬ 
tered in the mesencephalic reticular formation and the 
tegmental nuclei. 

Midbrain Neurons Retrogradely Labeled from the SM (Fig. 2) 

The number of midbrain neurons labeled from the SM 
was smaller than those labeled from the VLO. The 
location of neurons in the ventral PAG and dorsal raphe 
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labeled from the SM overlapped with those labeled 
from the VLO, although they appeared more scattered 
in their distribution. In experiments in which other mid¬ 
line thalamic nuclei were included in the injection site, 
increased labeling occurred in the ventral and dorsal 
PAG and the raphe nuclei. 


These data provide anatomical evidence for the exis¬ 
tence of a neural circuit between the SM, VLO and the 
midbrain PAG. In the prefrontal cortex, input from the 
SM terminates rostrally within the lateral and ventral 
areas of the VLO. Conversely, the cortical input to the 
SM originates from the medial and dorsal parts of the 







Spinothalamocortical Projections to Ventromedial and Parafascicular Nuclei 2299 


< Spinothalamocortical Projections from SM, Figure 2 Schematic illustrations of the distribution of retrogradely labeled neurons (black dots). The 
dots are meant to indicate only density and distribution, and not actual numbers of neurons. The numbers represent rostrocaudal coordinates from the 
bregma expressed in mm (negative is caudal, positive is rostral). These drawings are slightly modified copies of appropriate sections from the atlas 
of Paxinos and Watson (1986). Only selected nuclei are labeled. Abbreviations: A8, dopaminergic cells; Cg3, cingulate cortex area 3; CG, central gray; 
Cli, caudal linear raphe nucleus; CM, central medial thalamic nucleus; DP, dorsal peduncular cortex; DR, dorsal raphe nucleus; dtg, dorsal tegmental 
bundle; Frl, frontal cortex; area 1; Fr2, frontal cortex; area 2; 1AM, interanterodorsal thalamic nucleus; 1C, inferior colliculus; LO, lateral orbital cortex; MD, 
medial dorsal thalamic nucleus; Me5, mesencephalic trigeminal nucleus; ml, medial lemniscus; mlf, medial longitudinal fasciculus; MnR, median raphe 
nucleus; MO, medial orbital cortex; mt, mammillothalamic tract; ON, olfactory nuclei; PAG, periaqueductal gray; PMR, paramedian raphe nuclei; PPtg, 
pedunculopontine tegmental nucleus; Re, reuniens thalamic nucleus; RF, rhinal fissure; Rh, rhomboid thalamic nucleus; RMg, raphe magnus nucleus; 
RtTg, reticulotegmental nucleus pons; SM, nucleus submedius or nucleus gelatinosus; SuCo, superior colliculus; VL, ventral lateral thalamic nucleus; 
VLO, ventral lateral orbital cortex; VM, ventral medial thalamic nucleus; VPL, ventral posterolateral thalamic nucleus; VPM, ventral posteromedial thalamic 
nucleus; VTA, ventral tegmental area. 


VLO. In addition, neurons from the ventrolateral PAG 
and the raphe nuclei project to the midline nuclei of 
the thalamus, including a small projection to the SM. 
Regions within the ventrolateral PAG and raphe nuclei 
project to the VLO and these regions overlap with those 
that project to the SM. 

These data suggest that the SM may provide another link 
between peripheral noxious input and the limbic, motor 
and autonomic systems. The PAG is both the origin and 
recipient of a diverse array of ascending and descend¬ 
ing neural input (Beitz 1982). In particular, the ventral 
PAG appears strategically situated to transmit or mod¬ 
ulate nociceptive inputs between the lower brainstem, 
thalamus and cortex. Hence, the connections of the SM 
with the VLO and the ventral PAG may allow SM neu¬ 
rons to be part of neural circuits involved in both pain 
and analgesia. 
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Spinothalamocortical Projections to 
Ventromedial and Parafascicular Nuclei 

Lenaic Monconduit, Luis Villanueva 
INSERM, University of Clermont-Ferrand, Clermont- 
Ferrand, France 
luis.villanueva@u-clermontl .fr 

Definition 

Spinoreticulothalamic networks convey nociceptive 
signals from the whole body to widespread areas of the 
neocortex, via the ► ventromedial nuclei and parafasci¬ 
cular thalamic nuclei. This pathway allows any painful 


stimuli to modify cortical activity in a widespread man¬ 
ner, thus altering behavioral levels of attention and / or 
the planning of programmed movements. 

Characteristics 

It has been known for a long time that the majority of as¬ 
cending axons located in the anterolateral quadrant of the 
spinal white matter, which contains the pain pathways 
in mammals, terminate within the medullary ► reticular 
formation (Bowsher 1976; Villanueva et al. 1996). Inter¬ 
estingly, the notion of a receptive centre (centrum recep- 
torium or sensorium) within the reticular formation was 
introduced by Kohnstamm and Quensel (1908) for bul¬ 
bar reticular areas receiving spinal afferents. In a study of 
retrograde cellular reactions in the bulbar reticular for¬ 
mation to high mesencephalic lesions, the same authors 
demonstrated ascending pathways connecting the cen¬ 
trum receptorium with higher levels of the brain. They 
postulated that reticulo-thalamic projections might be 
part of a polysynaptic path responsible for the conduc¬ 
tion of pain and temperature to higher brain levels. 
Thus, in addition to spinal pathways that carry noci¬ 
ceptive information directly to the diencephalon, some 
nociceptive information is relayed to the thalamus via 
the medullary reticular formation. Widespread areas 
throughout the brainstem reticular formation contain 
neurons that are responsive to noxious stimuli. Among 
these medullary areas, the ► subnucleus reticularis dor¬ 
salis (SRD) contains neurons that respond and encode 
selectively noxious stimuli from any part of the body 
(Villanueva et al. 1996). 

Diencephalic projections from the SRD are essentially 
contralateral and terminate primarily in the lateral half 
of the ventromedial thalamus (VMZ), almost throughout 
its rostro-caudal extent. Moreover, dense terminals are 
also located in the lateral aspect of the parafascicular nu¬ 
cleus (PF) (Desbois and Villanueva 2001; Villanueva et 
al. 1998). Reticulo-PF projections also originate from 
the ► gigantocellular reticular nucleus, an area situated 
rostrally to the SRD, which has also been implicated in 
nociceptive processing (see refs, in Bowsher 1976). 

PF units respond to both cutaneous and visceral noxious 
stimuli in the rat (Berkley et al. 1995). These neurons 
are driven from large cutaneous receptive fields and 
respond to intense, frankly noxious cutaneous and vis- 
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ceral stimuli. Noxious-responding units recorded in 
the PF thalamic nucleus of alert monkeys also display 
large receptive fields and some discriminate changes in 
the intensity of noxious stimuli (Bushnell and Duncan 
1989). The lateral PF projects to the dorsolateral part of 
the caudate-putamen, the lateral subthalamic nucleus, 
which itself has reciprocal projections with pallidal 
and nigral motor relays and the sensorimotor cortex 
(Groenewegen and Berendse 1994). In addition to its 
striatal afferents, the lateral PF area projects mainly to 
the lateral agranular field of motor cortex and the rostral 
parietal cortex. Thus, as most lateral PF projections are 


related to brain structures involved in motor process¬ 
ing, SRD-PF connections could mediate some motor 
reactions following noxious stimulation. 

VM/ thalamic neurons are exclusively driven by activ¬ 
ities in A3- and C-cutaneous ► polymodal nociceptors 
from the entire body surface (Monconduit et al. 1999). 
These neurons present ► whole body receptive fields, 
which are activated by graded stimuli. A linear rela¬ 
tionship exists between the evoked firing rate and the 
intensities of both thermal and mechanical stimuli only 
within noxious ranges (Fig. 1). In some cases, VM/ neu¬ 
rons develop residual activity and / or after-discharges 
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Spinothalamocortical Projections to Ventromedial and Parafascicular Nuclei, Figure 1 (a) Single sweep recordings showing A8- and C-fiber evoked 
responses of a VM/ neuron (black dot) following supramaximal percutaneous electrical stimulation (2 ms duration square-wave pulses) of different parts 
of the body, (b) Cumulative results showing the magnitudes of the responses of VM/ neurons to graded mechanical (n = 7) or thermal (n = 16) stimulation 
of the ipsilateral hind paw. (Adapted from Monconduit et al. 1999). 
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following strong noxious stimulations. Systemic mor¬ 
phine depresses VM/ neuronal activities evoked by 
AS- and C-fibers and by thermal noxious stimuli, in a 
dose-dependent and naloxone-reversible fashion (Mon¬ 
conduit et al. 2002). Similar reductions in the C-fiber 
and noxious thermal evoked activities were obtained 
with equivalent doses of morphine, suggesting that mor¬ 
phine selectively depresses inputs to the VM/ that arise 
from cutaneous polymodal nociceptors. By contrast, 
these neurons did not respond to levels of distension 
that could be considered to be innocuous or noxious of 
the intact and inflamed colon and rectum. Moreover, 
following inflammation induced by subcutaneous injec¬ 
tions of mustard oil, VM/ neurons developed responses 
to both thermal and mechanical innocuous skin stim¬ 
ulation (Monconduit et al. 2003). Nociceptive activity 
in the VM/ arises primarily from monosynaptic inputs 
from the medullary SRD, since a strong reduction in 
VM/ responses was obtained following blockade of the 
contralateral SRD. 

VM/ neurons in turn relay the widespread nocicep¬ 
tive inputs from the SRD to the whole layer I of the 
dorsolateral neocortex. VM/ projections are organized 
as a widespread dense band, covering mainly layer 
I of the dorsolateral anterior-most aspect of the cor¬ 
tex (Fig. 2; Desbois and Villanueva 2001). This band 
diminishes progressively as one moves caudally, dis¬ 
appearing completely at 1 mm caudal to bregma level. 
This reticulo-thalamo-cortical network could allow 
any painful stimuli to modify cortical activity in a 
widespread manner, since thalamocortical interac¬ 
tions in layer I are assumed to be a key substrate for the 

► synchronization of large ensembles of neurons across 
extensive cortical territories and have been associated 
with changes in states of consciousness. In this respect, 
layer I inputs may act as a “mode switch”, by activating 
a spatially restricted low-threshold zone in the apical 
dendrites of layer V pyramidal neurons and evoking 
regenerative potentials propagating toward their soma, 
which in turn could switch layer V neurons into the 

► burst firing mode (Larkum and Zhu 2002). This hy¬ 
pothesis fits with the facts that painful stimuli can elicit 
widespread cortical activation in human beings and that 


Spinothalamocortical Projections to Ventromedial and Parafascicular 
Nuclei, Figure 2 Bright field images showing an example of the main 
connections from the nociceptive (lateral) region of the ventromedial tha¬ 
lamus, the VM/ (b). VM/ was labeled following an electrophoretic ejection 
of 3000 molecular weight lysine-fixable dextran, a compound conveyed 
by both anterograde and retrograde axonal transport and revealed by im- 
munohistochemistry. VM/ cortical efferents terminated as a dense band in 
layer I of the dorsolateral neocortex (c). They appeared as dense clusters 
of terminal fibers with small varicosities (d). Afferents to VM/ appeared as 
Golgi-like labeled cells (a) that were confined to the dorsal aspect of the 
medullary subnucleus reticularis dorsalis (SRD). Scale bars: a, b, c = 1 mm, 
d = 100 p,m. Other abbreviations: DL0, dorsolateral orbital cortex; L0, lat¬ 
eral orbital cortex; M2, secondary motor cortex; M0, medial orbital cortex; 
PrL, prelimbic cortex; SRV, subnucleus reticularis ventralis. 


increasing stimulus intensity increases the number of 
brain regions activated, including ventral posterior and 
medial thalamic regions and prefrontal, premotor and 
motor cortices (Porro 2003). 



s 











2302 Spiral CT 


VMZ neurons cannot be clearly assigned to the clear-cut 
described ► medial pain system or the ► lateral pain sys¬ 
tem. They have fine discriminative properties, as shown 
by their selective responsiveness to noxious stimuli and 
their ability to encode precisely different kinds of cuta¬ 
neous stimuli within noxious ranges. Their activation by 
innocuous stimuli occurs only under conditions of ex¬ 
perimental allodynia. However, they lack topographical 
discrimination, as illustrated by their whole body recep¬ 
tive fields and their ability to respond to widespread nox¬ 
ious stimuli of cutaneous, muscular or visceral origins. 
The VM/ may constitute an important thalamic nocicep¬ 
tive branch of what was originally termed the “ascending 
reticular activating system” (Herkenham 1986; Jasper 
1961). 
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I- 

Spiral CT 

► CT Scanning 

I- 

Spiritual Problems 

Definition 

Deeper concerns such as life after death, guilt regard¬ 
ing certain life events, the meaning of existence, or the 
perception of disease as punishment. 

► Cancer Pain Management, Interface Between Cancer 
Pain Management and Palliative Care 

I- 

Splice Variants 

Definition 

Different forms of a protein that result from the alterna¬ 
tive splicing of the mRNA before translation. 

► Opioid Receptors at Postsynaptic Sites 

I- 

Spondyloarthropathy 

Definition 

Spondyloarthropathies are a group of related inflam¬ 
matory joint diseases associated with the MHC class I 
molecule HLA-B27. Subgroups (with increased HLA- 
B27 frequency) are: ankylosing spondylitis (AS, 90%), 
reactive arthritis (ReA)/Reiter’s syndrome (RS, 80%), 
enteropathic arthritis associated with inflammatory 
bowel disease (IBD, 70%), Psoriatic arthritis (60%), 
isolated acute anterior uveitis (AAU, iritis or iridocycli¬ 
tis, 50%), and undifferentiated SpA (USpA, 20-25%). 

► Chronic Low Back Pain, Definitions and Diagnosis 

► Sacroiliac Joint Pain 

I- 

Spondylolisthesis 

Definition 

Spondylolisthesis is a defect in the construct of bone be¬ 
tween the superior and inferior facets with varying de¬ 
grees of displacement, so that the vertebra with the defect 
and the spine above that vertebra are displaced forward 
in relationship to the vertebrae below. It is usually due 
to a developmental defect or the result of a fracture. 

► Chronic Low Back Pain, Definitions and Diagnosis 

► Lower Back Pain, Physical Examination 
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I- 

Spontaneous Aliquorhea 


I- 

Spontaneous Nociceptive Behaviors 


► Headache Due to Low Cerebrospinal Fluid Pressure 


I- 

Spontaneous Cerebrospinal Fluid (CSF) 
Leak 


Definition 

Behaviors exhibited by animals, in response to a noci¬ 
ceptive stimulus (typically chemical), which are persis¬ 
tent in nature, and not simply a withdrawal reflex. In 
the formalin test, these behaviors include favoring, ele¬ 
vation, shaking or flinching, or licking/biting of the in¬ 
jected paw. 

► Formalin Test 


Synonyms 

CSF Leak 

Definition 

A syndrome in which a positional headache occurs af¬ 
ter a non-lumbar puncture induced CSF leak. Headache 
will occur out of the blue, normally with no inciting event 
(although repetitive valsalva maneuvers, cough, sneeze, 
strain, may induce leak). Headache will be better or ab¬ 
sent in a supine position and severe in an upright position. 
Most common location of spontaneous CSF leaks is at 
the cervical-thoracic junction. 

► New Daily Persistent Headache 

► Orthostatic Headache 

► Post-Lumbar Puncture Headache 

► Primary Exertional Headache 


I- 

Spontaneous Onset 

Definition 

Pain that occurs for no apparent reason and cannot be 
attributable to a specific cause. 

► Pain in the Workplace, Risk Factors for Chronicity, 
Job Demands 


I- 

Spontaneous Pain 

Definition 


I- 

Spontaneous Dissection 


Definition 

There is no obvious trauma involved; no trauma preced¬ 
ing the onset of symptoms, such as e.g. a car accident or 
a heavy hit to the neck. 

► Headache due to Dissection 


Pain without any obvious external stimuli, e.g. constant 
deep aching pain, constant superficial burning pain and 
paroxysms of brief lancinating pain. Spontaneous pain 
is thought to be elicated by epitopic discharge generated 
along axons of involved neurons. 

► Antidepressants in Neuropathic Pain 

► Causalgia, Assessment 

► Diabetic Neuropathy, Treatment 

► Dysesthesia, Assessment 

► Neuropathic Pain Model, Partial Sciatic Nerve Liga¬ 
tion Model 

► Nocifensive Behaviors, Muscle and Joint 


s 


I- 

Spontaneous Ectopia 

► Ectopia, Spontaneous 


I- 

Spontaneous Intracranial Hypotension 

► Headache Due to Low Cerebrospinal Fluid Pressure 


I- 

Spouse, Role in Chronic Pain 

Robert D. Kerns, Alicia A. Heapy 
VA Connecticut Healthcare System and Yale 
University, Westhaven, CT, USA 
robert.kerns @va.gov, alicia.heapy @ va.gov 

Synonyms 

Social support; pain-relevant communication; signifi¬ 
cant others; pain behaviors; Solicitousness; distracting 
responding; Negative Responding 
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Definition 

► Family systems theories espouse that the patterns of 
family functioning play a dominant role in determining 
health and illness among family members. ► Social 
support generally refers to the availability or provi¬ 
sion of instrumental and/or emotional assistance from 

► significant others. The ► operant conditioning model 
of chronic pain hypothesizes that pain and pain-related 
disability may be maintained by environmental contin¬ 
gencies for overt, observable demonstrations of pain. 

► Pain-relevant communication involving significant 
others refers to verbal and non-verbal exchanges in 
the context of a person’s expressions of pain. These 
expressions of pain are often referred to as ► pain 
behaviors, and include distorted ambulation (i.e. use 
of a prosthesis, limping), facial/audible expressions 
of pain (e.g. verbal complaints of pain, grimacing), 
expressions of affective distress (e.g. sighing, crying), 
and seeking help (e.g. asking for assistance, taking pain 
medications). ► Solicitous responses are defined as a 
set of positive responses (e.g. expressions of sympathy, 
taking over of duties and responsibilities) delivered 
by significant others, including the spouse or family 
members, contingent on the display of pain behaviors. 

► Distracting responses refer to cues from significant 
others intended to encourage alternative, presumably 
more adaptive, well behaviors (e.g. increased activity, 
use of distraction to cope with pain) on the part of the 
person experiencing pain. ► Negative or punishing 
responses (e.g. expressions of irritation, ignoring) rep¬ 
resent a third category of responses to the expression of 
pain. The ► cognitive-behavioral transactional model 
of family functioning emphasizes the role of cognitions 
and beliefs in the appraisal of pain and pain-related 
behavioral interactions. 

Characteristics 

The influence of the social context, and particularly the 
family environment, on health and illness issues has 
been widely recognized and studied (Ramsey 1989; 
Schmaling and Sher 2000). Dominant models for un¬ 
derstanding and explaining these influences, and for 
the development of family-based interventions, include 
family systems theories (Patterson 1988) and oper¬ 
ant behavioral and cognitive-behavioral perspectives 
(Kerns and Weiss 1994). Within the chronic pain litera¬ 
ture, there has been a similar call for attention to the role 
of the family and social context in studies of patient ad¬ 
justment and adaptation (Nicassio and Radojevic 1993; 
Roy 1989). 

The importance of the family’s role can be traced, in part, 
to the dominance of behavioral and cognitive behavioral 
theories in chronic pain related research and practice 
(Fordyce 1976). Whereas social support has generally 
been accepted as having a positive, moderating or me¬ 
diating role on health and recovery or adaptation to 


illness, the operant conditioning model of chronic pain 
hypothesizes that the specific pattern of pain-relevant 
communication involving significant others, including 
family members, may either have positive, or negative, 
influences on important aspects of the chronic pain ex¬ 
perience. According to the operant conditioning model 
of chronic pain, pain and pain-related disability may be 
maintained by environmental contingencies for overt 
expressions of pain, termed pain behaviors, even in the 
absence of continued nociception (Fordyce 1976). In 
particular, positive or solicitous responses from spouses 
and family members, contingent on pain behaviors, may 
serve to reinforce these maladaptive behaviors and en¬ 
courage the development and maintenance of pain and 
pain-related disability. Examples of solicitous behavior 
include expressions of sympathy or concern for the 
spouse, physical assistance or performance of a task 
and encouraging rest and discouraging activity. 

Recent reviews of the empirical literature informed by 
this model concluded that, in general, spouse solicitous¬ 
ness is significantly related to greater pain intensity, 
greater frequency of pain behavior, higher levels of 
disability, and increased help-seeking behaviors (Kerns 
and Otis 2003; Newton-John 2002). Interestingly, 
responses from significant others categorized as dis¬ 
tracting responses, although likely intended to cue more 
adaptive behavior, have been found to be reliably posi¬ 
tively related to poor outcomes. In contrast, frequency 
of negative or punishing responses has most often been 
found to be positively associated with increased activity 
in persons with chronic pain (Flor et al. 1987). Mood 
and global marital satisfaction appear to mediate these 
relationships (Newton-John 2002). Several studies 
have found that solicitousness only results in poorer 
pain outcomes in the context of a globally satisfying 
relationship. Higher rates of punishing responses, in the 
context of well-adjusted marriages, have been found 
to be associated with lower levels of pain intensity, but 
negative responses have been associated with greater 
pain intensity when marital satisfaction is low (Weiss 
and Kerns 1995). Marital satisfaction has also been 
identified as a significant predictor of depressive symp¬ 
toms, and higher rates of punishing responses from 
spouses have been shown to be associated with higher 
levels of depression among persons with chronic pain 
(Turk et al. 1992). Further, one study found that the 
link between solicitousness and increased physical 
disability was only present among depressed patients 
(Romano et al. 1995). Overall, pain-related outcomes 
and spouse responses most closely reflect those pre¬ 
dicted by operant principles in the context of higher 
levels of marital satisfaction, and depressive symptom 
severity appears to influence pain-related outcomes 
(Newton-John 2002). 

The inclusion of cognitive factors in theoretical models 
has been advocated as a way to better understand this 
pattern of findings. The cognitive-behavioral trans- 
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actional model of family functioning emphasizes the 
role of cognitions and beliefs in the appraisal of pain 
and pain-related behavioral interactions (Kerns 1995; 
Kerns and Otis 2003). This model also promotes a more 
sophisticated understanding of the reciprocal influence 
among spousal interactions, the perceived effective¬ 
ness of those exchanges, and adaptation to pain. More 
sophisticated models, like the cognitive-behavioral 
transactional model, may be needed to untangle the 
complex relationships present among spouse behavior, 
marital satisfaction, mood and pain-related outcomes. 
In addition to examining how the behavior of the well 
spouse affects the adaptation of the person experienc¬ 
ing chronic pain, the effect on the well spouse of living 
with someone with chronic pain has also been examined. 
Although estimates vary, high rates of depression have 
been shown to exist in spouses of persons with chronic 
pain (Flor et al. 1987). However, studies investigating 
the consequences of living with someone with chronic 
pain have not demonstrated consistently negative out¬ 
comes. Although several studies have found that persons 
with chronic pain and their spouses report lower levels of 
marital and sexual satisfaction than spouses with chronic 
pain, several studies have found normal levels of marital 
satisfaction (Kerns and Otis 2003; Romano and Schma- 
ling 2001). 

Empirical investigations of the efficacy of pain treat¬ 
ments involving the spouse of the person with chronic 
pain have not demonstrated incremental efficacy be¬ 
yond treatment of the individual alone (Kerns and 
Otis 2003). Unfortunately, the number of empirical 
studies has been small, and many studies have been 
marked by methodological shortcomings. For example, 
although controlled trials have examined treatments that 
included couples treatment components, the specific 
contribution of this component has not been exten¬ 
sively examined (Kerns and Otis 2003). Despite the 
wealth of studies that have demonstrated a link between 
spouse behavior and chronic pain, these findings have 
not been translated into the development of efficacious 
and theory-based interventions. Increased attention to 
the role of the spouse in treatment for chronic pain 
and methodologically rigorous studies are needed to 
advance pain treatment, and to fully realize the benefits 
of the increased knowledge of the role of the spouse in 
chronic pain outcomes. 
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Definition 

Ankle sprain commonly occurs during participation in 
various strenuous sports, as well as during routine lo¬ 
comotive activity, and is a common source of persistent 
pain and reduction of mobility. The rat model of sprained 
ankle pain is produced by manually over-extending the 
lateral ligaments, without breaking them, to imitate a lat¬ 
eral ankle sprain in a human. The ankle sprain rat sub¬ 
sequently showed swelling of the ankle and a reduced 
stepping force of the affected limb for the next several 
days. The amount of reduction of foot stepping force is 
used as an index of the degree of pain generated by ankle 
sprain. 

Characteristics 

The typical ankle sprain is caused by a combination of 
forces that tend to adduct, invert and plantar flex the talus 
beyond its physiological limit (Connolly 1981). Such 
motion causes avulsion of lateral ligaments, rupture of 
the adjacent capsule, and soft tissue hemorrhage and 
edema, resulting in severe discomfort and talar instabil- 
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ity (Cotier 1984; Liu and Nguyen 1999). Examination 
of the sprained ankle of the rat indicated that there was 
stretching of ligaments without a macroscopic tear. 
Such a condition is classified as a mild or grade 1 ankle 
sprain in humans (Brier 1999; Patel and Warren 1999). 
Grade 1 can be further subdivided into grade 1 and grade 
1+, and rats in the present study displayed behaviors 
similar to human patients with the latter grade, in that 
they showed a mild loss of function, which recovered 
in 2-5 days (Brier 1999). 

Procedure for Ankle Sprain Pain Model 

Under general anesthesia, ankle sprain is produced by 
manually over-extending the lateral ligaments, without 
breaking them, to imitate a lateral ankle sprain in a hu¬ 
man. As originally described by Koo et al. (2002), the 
right hind foot was repeatedly bent in the direction of si¬ 
multaneous inversion and plantar flexion 60 times dur¬ 
ing a 1-minute period with gradually increasing force, 
so that the foot could eventually be bent to a position 
of 90° inversion and 90° plantar flexion from the resting 
position. During the next 1-minute period, the foot was 
further inverted so that it eventually reached 180° inver¬ 
sion (paw facing completely upward). Both of the above- 
mentioned 1 -minute procedures were repeated one more 
time; therefore, the total procedure took 4 minutes. 

Anatomical Observation 

Careful observation of the ligaments around the ankle 
joint in normal rats revealed that the calcaneofibu- 
lar, calcaneocuboid, and talonavicular ligaments are 
stretched during plantar flexion. During inversion, on 
the other hand, the talocalcanean ligament was stretched 
along with the calcaneofibular and calcaneocuboid lig¬ 
aments. Therefore, the ankle sprain procedure, which 
was the combination of the forceful plantar flexion 
and inversion, most likely induced stretching of four 
ligaments: calcaneofibular, calcaneocuboid, talonavic¬ 
ular, and talocalcanean ligaments. Careful examination, 
under a dissecting microscope, of those four ligaments 
immediately after the sprain procedure indicated that 
there were no obvious signs of tearing of any ligaments. 
However, those ligaments were elongated and thus gaps 
between bones were widened. In addition, there was 
minor hemorrhaging on the retinaculum surrounding 
the extensor tendons (Koo et al. 2002). 

Behavioral Changes 

The rat subsequently showed swelling of the ankle and a 
reduced stepping force of the affected limb for the next 
several days. Measuring the amount of weight bearing 
force by the foot (Min et al. 2001; Koo et al. 2002) is em¬ 
ployed as a behavioral test method to estimate the level 
of pain in the sprained ankle. The average weight bear¬ 
ing by the hind limb during normal gait is 60% of total 
body weight, which is reduced to less than 10% after an¬ 
kle sprain. 


Systemically injected morphine improved the stepping 
force in a dose dependent manner. The reduced stepping 
force of the hind limb after the induction of ankle sprain 
was nearly restored one hour after an intraperitoneal 
injection of morphine, at a dose of 5 mg/kg (Koo et 
al. 2002). The fact that morphine restored the reduced 
foot stepping force, suggests that measuring foot step¬ 
ping force can be used as an index for ankle sprain 
pain. 

Changes in foot stepping force were measured before 
and after induction of ankle sprain. Figure la shows the 
pattern of force generated by the stepping of the fore¬ 
limb, and then the hind limb of one side, during loco¬ 
motion in a normal rat. 

The weight bearing on the forelimb was followed by the 
hind limb, with the latter being a little stronger, so that 
it reached about 60% of the rat’s total body weight at 
the peak point. Immediately after the induction of an¬ 
kle sprain, the rat started limping on the affected foot. 
To quantify the limping, the stepping force of the limb 
was measured. As shown in Figure lb, for example, the 
stepping force was greatly reduced one day after induc¬ 
tion of ankle sprain. Figure lc shows average values of 
stepping force of the hind limb in a group of rats before, 
and at various times after, ankle sprain. 

The stepping force was maximally reduced at the 12 th 
hour after ankle sprain, and then gradually recovered af¬ 
terward, so that it was fully recovered by the 5 th day after 
the induction of ankle sprain. 

Daily measurements of weight bearing of the hind limb 
on the side contralateral to the sprained ankle revealed 
that there was a small increase (~5%) in weight bear¬ 
ing over the next 3 days, as compared to the preopera¬ 
tive control value (Koo et al. 2002). The reduced weight 
bearing on the foot after induction of ankle sprain, is be¬ 
cause the rats are trying to avoid bearing weight on the 
affected foot due to pain associated with the sprained 
ankle. 

The swelling of the ankle roughly paralleled the reduc¬ 
tion in weight bearing. As shown in Figure Id, the av¬ 
erage volume of the foot was just below 2 ml before the 
induction of ankle sprain. 

However, the ankle swelled rapidly after the sprain 
operation, so that it had almost doubled its volume in 
6-12 hours. After that, the swelling rapidly subsided 
so that the foot volume was almost restored to normal 
volume by 2 days. 

There is a certain level of endogenous opioid activity in 
the ankle sprain model, and blocking it further reduces 
the foot stepping force. Peritoneal injection of nal¬ 
trexone, a non-selective long lasting opioid antagonist 
(Crabtree 1984), further reduced foot stepping force 
one hour after injection (Koo et al. 2002). The effect 
of naltrexone on the weight bearing suggests that the 
ankle sprain pain model triggers the release of endoge¬ 
nous opioids, so that the level of pain is maintained at 
a partially reduced state 
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Figure 1 Changes in weight 
bearing of the limb and foot volume 
after ankle sprain. Foot stepping 
force was measured and expressed 
as weight bearing ratio to body 
weight, (a) Shows the pattern of 
the foot stepping force of both the 
forelimb (F) and hind limb (H) on 
one side of a normal rat. This rat 
weighed 230 g and stepping on the 
forelimb and hind limb bore about 
45 and 60% of the body weight 
respectively when the rat walked 
at a normal pace, (b) Shows the 
pattern of foot stepping force of the 
same rat 1 day after ankle sprain. 
The amount of weight bearing of 
the hind limb was reduced to about 
half, (c) Shows the average values 
(i SEM) of peak foot stepping force 
of the hind limb of a group of nine 
rats 1 h before (-1 h) and at various 
times after induction of ankle sprain, 
(d) Shows the average volume (zb 
SEM) of the foot 1 h before (-1 h) 
and various times after induction of 
ankle sprain. Foot volume increased 
rapidly due to swelling of the ankle 
after the sprain procedure. For both 
(c) and (d), post-operative time is 
expressed as h for hours and d 
for days. Asterisks indicate values 
significantly different (P<0.05) from 
the preoperative value (-1 h) (Koo 
et al. 2002). 
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I- 

Spray and Stretch 

Definition 

Spray and stretch is a technique used by manual thera¬ 
pists to treat trigger points associated with myofascial 
pain syndrome. The technique involves stretching mus¬ 
cles after first producing a superficial anesthesia with a 
coolant spray. 

► Stretching 

I- 

Spreading Depression 

Definition 

Very brief spreading wave of neuronal and glial depolar¬ 
ization, followed by a long-lasting suppression of neural 
activity, which is easily evoked in lissencephalic brains 
by mechanical or chemical stimuli of the brain surface 
(Leao 1944). As spreading depression invades the cor¬ 
tex at a speed (4-6mm/min) similar to that of spreading 
visual aura symptoms and the oligemia found to be as¬ 
sociated with them in functional imaging studies, it is 
thought to be the pathophysiologic event underlying the 
migraine aura. 

► Clinical Migraine without Aura 

► Post-Seizure Headache 

SQUID 

► Superconducting Quantum Interference Device 

► Subnucleus Reticularis Dorsalis 

r ssm 

► Social Security Disability Insurance 

'sSNI Model 

► Neuropathic Pain Model, Spared Nerve Injury 

SNRIs 

► Serotonin Norepinephrine Reuptake Inhibitors 


r SSR 

► Sympathetic Skin Response 

' SSRIs 

► Selective Serotonin Reuptake Inhibitors 

I- 

Static Allodynia 

Definition 

Gentle pressure on skin evokes pain. 

► Hyperpathia, Assessment 

i- 

Statistical Decision Making 

Definition 

Statistical decision making is the only mathematical 
model that yields separate measures for discrimination 
and response bias. 

► Statistical Decision Theory Application in Pain As¬ 
sessment 

I- 

Statistical Decision Theory Application in 
Pain Assessment 

W. Crawford Clark 

College of Physicians and Surgeons, Columbia 

University, New York, NY, USA 

darker @ pi. cpmc. Columbia, edu 

Synonyms 

Decision Theory; thresholds; pain; sensory decision the¬ 
ory; pain memory 

Definition 

This article reviews recent developments in the appli¬ 
cation of the statistical decision making model (SDM) 
to problems in pain perception, pain report bias, pain 
memory and questionnaire construction as well as di¬ 
agnosis and treatment outcomes. More generally, it 
applies to decisions made on the basis of evidence that 
is less than perfect. The general model quantifies cor¬ 
rect decisions (hits and correct rejections) and incorrect 
decisions (misses and false affirmatives) concerning 
two objectively definable but confusable events A and B 
(Table 1). SDM determines two variables, the discrimi¬ 
nation parameter quantifies the decision maker’s ability 
to distinguish Event A from Event B, independently of 
response bias, while the criterion parameter quantifies 
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Statistical Decision Theory Application in Pain Assessment, 
Table 1 Stimulus - Response Matrix for the Binary Decision Task 



Responses 

“Pain” or “High” “No Pain” or “Low” 
or “A” Occurred or “B” Occurred 

Higher Intensity 

Hit 

Miss 

Stimulus or 

Event A 

( ► Sensitivity ) 


Lower Intensity 

False Alarm 

► Correct Rejection 

Stimulus (“blank’’) or 
Event B 


( ► Specificity ) 


Statistical decision-making is the only mathematical model that yields sep¬ 
arate measures for discrimination and for response bias 


response bias, the decision maker’s tendency to favor, 
consciously or unconsciously, the reporting of one 
event over the other. Depending upon its various imple¬ 
mentations, the model is known as ► sensory decision 
theory or ► signal detection theory, i.e. decisions about 
discrimination between a weaker or an absent sensory 
stimulus and a more intense stimulus, ► memory de¬ 
cision theory, i.e. discrimination between previously 
reported symptom descriptors and those not previously 
reported, the ► situational pain questionnaire decision 
model, i.e. discrimination between defined sets of less 
painful and more painful situations or scenarios, and 
the ► medical decision-making model, i.e. accuracy 
and risk/benefit payoffs of diagnostic and treatment de¬ 
cisions. A more detailed review of the SDM approaches 
to pain assessment appears elsewhere (Clark 2003). 

Characteristics 
Introduction to Decision Theory 

There are various mathematical SDM models depend¬ 
ing on the type of distributions assumed to be generated 
by Events A and B along the decision continuum. 
The discrimination and criterion measures d’ and L x 
assume Gaussian distributions, dL and Bi assume lo¬ 
gistic distributions, while the indices P(A) and B are 
non-parametric. The discrimination indices have been 
demonstrated to be relatively uninfluenced by differ¬ 
ences in subjects’ response bias, while the criterion 
indices have been shown to be altered by changes in the 
decision-maker’s expectations, mood, motivation and 
other essentially attitudinal variables. 

Excellent introductions to the parametric (Green and 
Swets 1966) and the non-parametric (McNicol 1972) 
approaches are available. There are two SDT models 
and data collection procedures. In the ► single interval 
procedure a response is obtained from a yes-no or a 
verbal category scale after each stimulus presentation; 
in the ► forced choice procedure a decision is made 
after two or more observation intervals concerning 
which interval contained the more intense stimulus. 
The forced choice model does not involve a response 
criterion because it is based on perceived intensity 


alone; subjective qualities, e.g. whether it is painful 
or not, are irrelevant. The forced choice procedure 
provides the most sensitive and hence the most valid 
measure of neurosensory function that can be achieved. 
However, it does not determine the report criterion, an 
essential parameter in pain research. A data collection 
procedure which combines single interval and forced 
choice methods offers the best of both techniques. 

The Gaussian Model 

Statistical decision theory has spawned a number of 
mathematical models. Although the Gaussian model 
has now been eclipsed by McNicol’s nonparametric 
model, it is presented first because it provides a simple 
introduction to SDT in general and most studies in the 
early literature used it. If the underlying noise (N) and 
signal-plus-noise (SN) distributions are unit normal 
probability density functions of equal variance, the dis¬ 
tance between the means of these distributions in terms 
of Z, the standard deviate, indexes discrimination, d’. If 
Z n and Z sn are the standardized distances of the criterion 
from the means of the N and SN distributions, then 
d’ = Zn - Z sn 

Thus, to determine d’ from the false alarm and hit prob¬ 
abilities, one proceeds to a published table that relates 
areas under the normal curve to values of the standard 
deviate, Z. If a rating scale is used instead of a binary 
decision, then there is one value of d’ for each bound¬ 
ary between categories; accordingly, an eight-category 
scale would yield seven d’s. 

The criterion, one value of L x for each category bound¬ 
ary, is the logarithm of the likelihood ratio, that is, the 
ratio of the ordinate of the SN distribution to the ordinate 
of the N distribution at the criterion locus defined by hit 
and false alarm probabilities. 

L x =/ SN(y)//N(y) 

Accordingly, to determine L x from the false alarm and 
hit probabilities, one consults a table that relates areas 
under the normal curve to values of the ordinate. Further 
details and the requisite tables for d’ and L x are available 
in statistics texts. 

The Logistic Model 

In contrast to the Gaussian model, the logistic model as¬ 
sumes underlying logistic distributions. The logistic dis¬ 
crimination measure is computed from hit (H) and false 
alarm (FA) rates, 

dL = log n {[H( 1 "EA)]/[( 1 'H)EA]}. 

The criterion, which is independent of dL, is 
cL = 0.5 [log n {[( 1 FA)( 1 H)]/[(H)(FA)]} ] 

Area Under the ROC Curve, the Nonparametric Model 

The nonparametric SDT makes no assumptions about 
the shapes of the underlying N and SN distributions. 
Here, P(A), the area under the ROC curve indexes dis¬ 
crimination. Because P(A) is typically based on more 
than a single point on the ROC rating curve, the set 
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of points from a rating scale are integrated into the 
area measure, P(A), making it superior to a series of 
single points obtained with the parametric measures, d' 
and dL. Because P(A) integrates all of the data points, 
the nonparametric model is useful in clinical research 
where time with a patient is limited. To compute P(A), 
the points on the ROC curve, including (0,0) and (1,1), 
are joined by straight lines and the areas of the trapezoids 
beneath are summed. The area under the curve varies 
from 1.0, perfect discrimination of SN from N, to 0.5, 
chance level, that is the hit rates and false affirmative 
rates are equal. The criterion measure B integrates all 
of the data from the ROC curve and locates the median 
response category, that is, the rating scale criterion at 
which half the responses to both stimulus intensities 
are equal to categories above the criterion and half are 
equal to those below. 

The Influence of Response Bias on the Traditional Threshold 

Reduction in the amount of information reaching higher 
centers by an analgesic would be expected to decrease 
the discriminability index; thus d’ has been shown to 
decrease following administration of morphine (Yang 
et al. 1979) or a carbocaine local nerve block (Clark and 
Yang 1974). A number of SDT studies have demon¬ 
strated that the traditional sensory threshold is strongly 
influenced by changes in the report criterion. Yang et 
al. (1985) determined that compared to healthy con¬ 
trols, back pain patients set a more stoical criterion, 
higher B, probably because they found the painful heat 
stimuli relatively innocuous compared to their clinical 
pain. However, when the traditional method of constant 
stimuli threshold was computed from the same data, the 
threshold was highly correlated with the psychological 
variable, the pain report criterion B, but not at all with 
the sensory parameter P(A). Clearly, the belief that 
the traditional threshold is a pure measure of sensory 
sensitivity uninfluenced by the subject’s attitude is a 
myth without any empirical support. 

SDT Investigations of Cross-Cultural Differences 

Cultural, gender and age based attitudes also influence 
the pain criterion (Clark 2003). In a study conducted 
in the Himalayas, Clark and Bennett Clark (1980) 
found that compared to Western trekkers the Nepalese 
porters reported far less pain (high criterion) to a series 
of noxious electrical stimuli of increasing intensity. 
However, the two groups did not differ in their ability 
to discriminate (same d’) among the various stimulus 
intensities. This finding demonstrated that there were 
no neurosensory differences between the groups, and 
thus eliminated the possibility that a neurosensory 
deficit was responsible for the fewer pain reports by the 
Nepalese. Since the Nepalese porters and Westerners 
did not differ in sensory sensitivity, the Nepalese’s 
higher traditional pain threshold was caused by a more 
stoical attitude or higher report criterion and not to a 


sensory difference. Age and gender also influence the 
criterion for reporting pain (Clark 2003). 

Psychiatric and Physical Illnesses 

Kemperman et al. (1997) demonstrated that those fe¬ 
male patients with borderline personality disorder who 
did not experience pain during self-injury discrimi¬ 
nated more poorly among noxious heat stimuli, low 
P(A), and set a more stoical report criterion, high B, 
than patients who experienced pain during self-injury. 
Dworkin et al. (1993) found that schizophrenic patients 
had significantly poorer sensory discrimination ’ d’, of 
painful heat stimuli than healthy volunteers and also set 
a more stoical response criterion, which was associated 
with greater affective flattening. Gil et al. (1995) com¬ 
pared the responses of patients with sickle cell disease 
and healthy controls to noxious pressure stimuli and 
found no difference in discriminability, P(A). However 
patients who scored high on her Negative Thoughts in 
Response to Pain Questionnaire tended to report more 
pain, lower B. Glusman et al. (1996) demonstrated 
that cardiac patients who experienced angina (“symp- 
tomatics”) did not differ from those who reported no 
symptoms ("silents"), since SDT analysis of responses 
to electrical stimuli revealed no significant differences 
between the two groups for either discrimination, P(A), 
or report bias, B. Contrary to a commonly held view, 
it was concluded that the “silents” were not setting a 
high report criterion and denying a painful experience. 
These findings suggested that the “silent” patients suf¬ 
fered a loss of painful cardiac sensations. This view was 
confirmed by Clark et al. (2000), who monitored EKG 
responses while the cardiac patients ran on a treadmill. 
The patients were asked a number of times whether or 
not they felt “anything” both when, according to the 
EKG, ST-segment depression was present (a stimulus) 
and when it was absent (a blank). The symptomatic 
myocardial ischemia patients were found to be good 
discriminators, high P(A), between the presence and 
absence of the sensations produced by ST-segment de¬ 
pression. In contrast, the “silent” patients were unable 
to discriminate between the presence and absence of 
ST-segment depressions, very low P(A). This study 
demonstrated that silent myocardial ischemia patients 
are silent because they suffer a severe sensory loss, not 
because they are denying their anginal symptoms. 

Situational Pain Questionnaire (SPQ) 

The Situational Pain Questionnaire (SPQ) consists of 
descriptions of two sets of possible situations or sce¬ 
narios that differ in their degree of painfulness. Yang 
et al. (1983) found no difference between chronic pain 
patients and healthy controls for the SPQ discrimination 
measure, P(A). However, chronic pain patients rated 
more situations as painful (lower B). Using the SPQ, 
Noel-Jorand et al. (2001) found that the discriminabil¬ 
ity index for imaginary painful situations, P(A), did 
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not differ significantly among various exercise groups. 
However, groups who exercised in a dangerous envi¬ 
ronment, such as mountain climbing, were far more 
stoical (higher pain report criterion) than those who 
exercised in a safe environment. 

Memory for Pain 

A patient’s description of previous pains is important 
for diagnosis and treatment. Recognition memory, the 
ability to discriminate between old and new material, is 
the most sensitive way to determine the amount of in¬ 
formation that has been retained. In the SDM approach, 
a set of pain descriptors previously used by the patient 
to describe the experience (stimuli) are randomly mixed 
with related words not previously reported (blanks). 
The patient’s task is to identify each word as old or new. 
P(A) is apure measure of how muchremains in memory 
and the report criterion, B, measures the extent to which 
the patient is biased toward reporting “old” or report¬ 
ing “new.” In a study by Hunter et al. (1979) patients 
checked relevant sensory and affective pain descriptors 
from a list immediately following a painful diagnostic 
procedure, then 5 days later attempted to discriminate 
the descriptors they had checked (stimuli) from those 
they had not (blanks). Hunter and colleagues examined 
only the ► hit rates and concluded that the recall of pain 
was surprisingly accurate and that memory is the same 
for both the sensory and emotional pain descriptors. 
However, re-analysis of these data by SDM (Clark and 
Bennett Clark 1993) demonstrated that the patients’ 
recall of pain was relatively poor, low d ”, and that recall 
for the affect words was significantly better (higher d’) 
than for sensory words. 

Diagnostic and Treatment Decisions 

SDM has been used to compare the abilities of various 
diagnostic tests, chemical profiles, x-rays and CT scans 
to discriminate between the presence and the absence of 
disease. In these applications, the goal is to improve di¬ 
agnostic accuracy by segregating the decision criterion 
from the discrimination parameter. Clark (2003) used 
SDM to examine the ability of various symptoms to 
discriminate between migraine and tension headaches. 
First, experts diagnosed patients as having migraine 
or tension type headaches. Symptoms experienced by 
migraine headache patients were labeled “stimuli” and 
tension headache symptoms were “blanks.” The pres¬ 
ence of a symptom in a migraine patient was a hit; the 
presence of the same symptom in a tension headache 
patient was a false affirmative. A subsequent study then 
determined the frequency of the headache symptoms in 
another group of patients. SDM analysis of hit and false 
affirmative rates demonstrated that the unilateral vs. bi¬ 
lateral locus of the headache was the best discriminator 
between the two types of headaches, followed by the 
symptoms of prodroma, throbbing and vomiting, while 
duration, age of onset and (surprisingly) family history 


were relatively poor discriminators. The customary 
diagnostic approach based only on the presence of a 
symptom (hit rate alone) failed to identify the most 
important discriminatory symptoms. 

Conclusions 

A common argument against the application of the sig¬ 
nal and ► sensory decision theory model to the study of 
calibrated noxious stimuli is that a mathematical model 
designed to extract weak signals from noise cannot pos¬ 
sibly be used to study pain. This view, held by those who 
are but superficially acquainted with the model, is se¬ 
riously flawed. As this paper has emphasized, from its 
inception the application of the SDM model to sensory 
measurement has been but one of the many applications 
of statistical decision theory. Statistical decision theory 
applies to the discrimination of any objectively defin¬ 
able event A from event B. If it is acceptable to use SDT 
to study the ability to discriminate between many kinds 
of quantifiable events including non-noxious visual, au¬ 
ditory and warm stimuli, why should it become contro¬ 
versial to study noxious intensities? As Green and Swets 
(1996) point out, the objectivity of SDT depends only 
upon the experimenter objectively knowing the intensity 
of the stimuli and blanks being presented. The investiga¬ 
tor cannot score the subject as right or wrong when mea¬ 
suring a transition from not painful to painful, but can 
score the subject’s ability to discriminate between the 
two stimulus intensities and thus obtain a pure measure 
of sensory function regardless of criterion variability. In 
addition, a quantitative measure of the subj ect ’ s response 
bias, which has been demonstrated to be closely related 
to the traditional threshold, is obtained. Some have ar¬ 
gued that d’ and P(A) are unimportant because they 
measure discrimination, not pain. But a pure measure of 
the level of sensory functioning is critical for the under¬ 
standing of pain. Moreover, the location of the pain re¬ 
port criterion provides additional quantitative informa¬ 
tion about the individual’s subjective pain experience. 
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I- 

Step Cycle 

Definition 

The various temporally organized activity phases that 
give rise to locomotion. 

► Spinothalamic Projections in Rat 

I- 

Stepwise Approach 

Definition 

An approach to psychosocial evaluation that proceeds 
from assessment of more global indices of emotional 
distress and disturbance, to more detailed evaluations of 
specific diagnoses of psychopathology when warranted. 

► Disability Assessment, Psychological / Psychiatric 
Evaluation 

I- 

Stereological Techniques 

Definition 

An objective (unbiased) way to calculate, e.g. the num¬ 
ber of neurons in a dorsal root ganglion or in a nucleus 
in the CNS. 

► Retrograde Cellular Changes after Nerve Injury 


I- 

Stereotactic Cingulotomy 

Definition 

Ablation of the cingulum (part of the limbic system in the 
brain), most often using electrodes heated via radiofre¬ 
quency energy. 

► Cancer Pain Management, Neurosurgical Interven¬ 
tions 

I- 

Stereotactic Medial Thalamotomy 

Definition 

Precise ablation of the medial thalamus. 

► Cancer Pain Management, Neurosurgical Interven¬ 
tions 

I- 

Stereotactic Radiosurgery 

Definition 

Precise delivery of multiple beams of radiation so that 
they overlap and sum to ablate a target area in the brain. 

► Cancer Pain Management, Neurosurgical Interven¬ 
tions 


I- 

Stereotactic Sacroiliac Joint Denervation 

► Sacroiliac Joint Radiofrequency Denervation 

I- 

Stereotactic Surgery 

Definition 

The branch of neurosurgery that involves the use of a 
precision apparatus to carry out x-ray guided operations 
on the nervous system. 

► Pain Treatment, Intracranial Ablative Procedures 

I- 

Stereotaxy 

Definition 

A system of three-dimensional coordinates that help to 
locate a center inside the brain, based on its relative loca¬ 
tion with reference to the planes of the ears bars (anterior- 
posterior), the mid line (lateral), and the depth into the 
skull (vertical). 

► Post-Stroke Pain Model, Thalamic Pain (Lesion) 
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I- 

Steroid Injections 

Nikolai Bogduk 

Department of Clinical Research, Royal Newcastle 
Hospital Newcastle, University of Newcastle, 
Newcastle, NSW, Australia 
nik.bogduk@newcastle.edu.au 

Synonyms 

Injections of Steroids; Injections of Corticosteroids; 
Corticosteroid Injections 

Definition 

Steroid injections are a treatment for pain, in which a 
corticosteroid is injected into a site of tenderness that is 
ostensibly the source of pain. Steroid injections differ 
from ► intra-articular steroids in that the target tissues 
are not cavities of synovial joints. Instead, they are typi¬ 
cally sites of attachment of tendons, ligaments, or mus¬ 
cles. 

Characteristics 

It is difficult to obtain the rationale for steroid injections 
from the literature. They seem to be used as if in the 
belief that steroids have an undisclosed healing prop¬ 
erty in areas that are tender and seemingly the source of 
pain. Although the anti-inflammatory effect of steroids 
might be invoked as grounds for the injections, there is 
no evidence that the conditions treated involve inflam¬ 
mation. Indeed, such evidence as is available indicates 
that degeneration, but not inflammation, is the underly¬ 
ing pathology. 

Technique 

Steroid injections simply require inserting a needle into 
the area or point that appears to be tender. Through 
the needle, a quantity of corticosteroid preparation 
is injected, typically mixed with a local anaesthetic. 
The volume injected differs between operators and 
for different sites. It may be a fraction of a millilitre 
or between 1,2, and 5 ml. The agents used are based 
on triamcinolone, dexamethasone, betamethasone, or 
methylprednisolone, usually as a depot preparation 
designed for slow release of the active steroid. 
Application 

In practice, almost any tender site might be a target for 
steroid injections. For most sites, however, there is little 
scientific literature. The sites for which the greatestnum- 
ber of controlled trials has been published are the lateral 
elbow and the low back. These sites have a common fea¬ 
ture. The target is a region where over a short distance 
muscles become tendons, which insert into bone. 

Lateral Elbow 

Lateral elbow pain is classically known as “tennis el¬ 
bow” or “lateral epicondylalgia”. It is the archetypical 


condition for which steroid injections have been used. 
The literature is not consistent as to the exact target 
point for injection. It ranges from the apex of the lateral 
epicondyle, to the enthesis of the extensor tendons 
arising from this eminence, to the terminal tendons 
themselves, and even the myotendinous junctions of 
the extensor muscles. 

The pathology of lateral elbow pain does not involve 
inflammation. Biopsy studies have shown that the ex¬ 
tensor tendons exhibit partial rupture, hyaline degener¬ 
ation, fibro-fatty change, vascular proliferation, fibrob¬ 
lastic proliferation, glycosaminoglycan infiltration, fi- 
brocartilage formation, calcification, and new bone for¬ 
mation, to various extents (Chard et al. 1994; Regan et 
al. 1992). 

An early controlled study found no difference in out¬ 
come between patients treated with steroid injections or 
saline injections (Saartok and Eriksson 1986). A later 
study found that steroid injections gave better relief 
shortly after injection than did lignocaine alone, but by 
24 weeks differences were no longer apparent (Price 
et al. 1991). Another study found steroid injections to 
be more effective than physiotherapy for lateral elbow 
pain (Verhaar et al. 1996). The most recent controlled 
trial found that steroid injections provided greater relief 
of pain than either naproxen or placebo at 4 weeks 
follow-up, but thereafter there was no difference in 
outcome (Hay et al. 1999). A systematic review, pub¬ 
lished in 1996 (Assendelft et al.), found that the pooled 
odds ratio for benefit at less than 6 weeks was 0.15 
(95%CI 0.10-0.23), indicating a statistically signifi¬ 
cant benefit for corticosteroid injections; but there was 
no statistically significant benefit at periods in excess 
of 6 weeks. 

Low Back Pain 

In patients with low back pain, a site that is commonly 
tender lies against the iliac crest, supermedial to the 
posterior superior iliac spine. This site has attracted a 
variety of injection therapies, mostly with local anaes¬ 
thetic alone, but sometimes with steroids. According to 
a systematic review, the published studies favour an ef¬ 
fect of injection therapy, but the small sample sizes used 
prevent the pooled outcome data from achieving statis¬ 
tical significance. The 95% confidence intervals of the 
pooled relative risk cross the critical value of 1.0 (Nele- 
mans et al. 2001). One controlled study showed that 
methylprednisolone mixed with lignocaine was more 
effective than normal saline in securing “improvement” 
in pain, when assessed at two weeks (Sonne et al. 
1985). 

Other data apply to the injection of steroids at various 
tender sites in the back. An old study reported that 
a greater proportion of patients achieve complete re¬ 
lief of pain (odds ratio: 7.7) when corticosteroids are 
used rather than lignocaine alone (Bourne 1984). This 
encouraging report, however, has not been replicated. 





2314 Steroids 


Discussion 

Despite the popularity of steroid injectionsasa treatment 
for musculoskeletal pain, the literature offers little sup¬ 
port for this intervention. These injections do appear to 
have an effect in some patients, but the benefit is short¬ 
lived. 
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I- 

Steroids 

Definition 

Long-lasting therapy with glucocorticosteroids may be 
complicated by muscle weakness. 

► Muscle Pain in Systemic Inflammation (Polymyalgia 
Rheumatica, Giant Cell Arteritis, Rheumatoid Arthri¬ 
tis) 


I- 

Stimulant 


Definition 

A stimulant is a laxative whose principal mode of action 
is the stimulation of gut wall muscular contraction (i.e. 
peristalsis), which pushes the gut contents forward more 
forcefully. 

► Cancer Pain Management, Gastrointestinal Dysfunc¬ 
tion as Opioid Side Effects 


I- 

Stimulation-Produced Analgesia 
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Department of Anesthesiology and the Graduate 
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Synonyms 

Brain stimulation analgesia; electrical stimulation in¬ 
duced analgesia 

Definition 

Although the concept of descending pain modulation 
goes back to Sherrington in the early 1900s and was 
an important part of Melzack and Wall’s gate control 
theory of pain (Melzack and Wall 1965) there was little 
direct evidence until 1970 for ► endogenous neural 
systems descending from brain to spinal cord whose 
normal function was the inhibition of pain. Reynolds 
in 1969 reported that focal electrical stimulation of 
the ► periaqueductal gray (PAG) resulted in sufficient 
analgesia to perform laparotomy in rats. These observa¬ 
tions were soon confirmed and extended by Liebeskind 
and his students (e.g. Mayer et al. 1971) who labeled 
the phenomenon “► stimulation-produced analgesia” 
(SPA). 

Characteristics 

These early studies by Liebeskind and associates found 
SPA to be specifically ► antinociceptive - producing 
no generalized sensory, attentional, emotional, or mo¬ 
toric deficits. They also showed that SPA could outlast 
the period of brain stimulation and that it occurred in 
a restricted peripheral field such that noxious stimuli 
applied outside that field elicited normal defensive 
reactions. They reported that during stimulation the 
sensation of light touch was intact, there was no indica¬ 
tion of seizure activity, and animals were still capable 
of eating. Furthermore, rats could be trained to self- 
administer brain stimulation in the presence of noxious 
stimuli, and this self-administration did not recur when 
the noxious stimuli were terminated. The analgesia 
produced by electrical stimulation of the PAG was of 
rapid onset and as potent as high doses of morphine; 
completely inhibiting withdrawal responses to even the 
most severe noxious stimuli. These findings demon¬ 
strated the existence of a potent and selective natural 
► pain-inhibitory system in the PAG. 

SPA’s effects depend on descending mechanisms (rather 
than primarily supraspinal mechanisms) as evidenced 
by the inhibition of both spinal nociceptive reflexes 
and responses of spinal cord dorsal horn nociceptive 
cells to noxious stimuli (Dubner and Bennett 1983). 
SPA eliminates behavioral responses to such varied 
noxious somatic and visceral stimuli as electric shocks 
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descend in the dorsolateral funiculus to all laminae of the spinal gray matter. Noradrenergic fibers from locus coeruleus also descend in the dorsolateral 
funiculus to the spinal gray, (b) Direct hypothalamospinal descending control system, which originates in the medial and paraventricular hypothalamic 
nuclei. The inset shows sites of termination in the spinal cord, (c) Direct PAG-spinal projection system, which bypasses the medullary nuclei and projects 
directly to the medullary dorsal horn or spinal gray matter. The inset shows sites of termination in the spinal cord. (Reprint with permission from Loeser 
et al 2001). 


applied to the tooth pulp and limbs, heating of the skin, 
and injection of irritants into the skin and abdominal 
cavity. Subsequent demonstrations that stimulation 
of homologous brain regions in humans could relieve 


chronic pain provided even greater interest in this 
phenomenon (Hosobuchi 1980). Within 10 years of 
Reynolds’ initial SPA paper, more than 150 reports of 
stimulation-produced analgesia had been published, 
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including 2 major reviews (Basbaum and Fields 1978; 
Mayer and Price 1976) of the anatomical and biochem¬ 
ical substrates of SPA. 

Perhaps the most important finding concerning SPA, in 
these early studies, was that analgesia induced by brain 
stimulation shared several characteristics with analgesia 
from opiate drugs. Areas of the brain from which SPA 
could be elicited were rich in opiate receptors and mi¬ 
croinjection of morphine into these brain regions pro¬ 
duced analgesia, indicating that common brain sites sup¬ 
port both SPA and opiate analgesia. Like opiate analge¬ 
sia, ► tolerance develops to the analgesic effects of re¬ 
peated brain stimulation. Moreover, cross-tolerance is 
observed between opiate analgesia and SPA suggesting 
a common underlying mechanism. Finally, opiate antag¬ 
onists such as naloxone antagonize SPA, a finding which 
was influential in suggesting the existence of and subse¬ 
quent sequencing of the endogenous ► opioid peptides 
(Hughes et al. 1975). Ironically, the naloxone-sensitivity 
of SPA has proven controversial, and it is now clear that 
not all SPA is mediated by opioid peptides. Indeed, dif¬ 
ferential production of “opioid” and “nonopioid” forms 
of SPA have been found to rely on the distinct region of 
the PAG stimulated. 

Additional work clarifying the circuitry of descending 
pain inhibitory systems activated by electrical stimula¬ 
tion of the central nervous system (Gebhart 2004) has 
focused on four tiers of CNS processing. 

Cortical and Diencephalic Descending Systems 

Stimulation of S1 and S2 cortex inhibits spontaneous ac¬ 
tivity of wide dynamic range spinothalamic tract (STT) 
neurons, as well as responses to C-fiber volleys in sural 
nerve and to noxious thermal and mechanical stimuli. 
Efferents from sensory cortex run with the corticospinal 
tract, descending contralaterally in the ► dorsolateral fu¬ 
niculus before terminating in laminae I-VII of the spinal 
gray matter. Corticospinal fibers in laminae I and II ex¬ 
ert direct postsynaptic control on dorsal horn neurons, 
although the neurotransmitters involved are unknown. 
Despite these direct connections, the many S1 and S2 
cortical projections to striatum, thalamus, and mesen¬ 
cephalon are likely to mediate many of the analgesic ef¬ 
fects of somatosensory cortex stimulation. 

Similarly, the specific descending influence of limbic 
structures (such as amygdala and cingulate cortex) 
on nociception are difficult to identify because of the 
complex brain circuitry these structures are involved in. 
Nonetheless, stimulation of limbic structures can cause 
analgesia and it is likely that activation of these struc¬ 
tures mediate analgesia associated with such diverse 
phenomena as hypnosis, placebo, learned helplessness 
and uncontrollable stress. 

Diencephalic structures such as the periventricular gray, 
the medial and lateral hypothalamus, the medial preop¬ 
tic/basal forebrain region, and the somatosensory nuclei 
of the thalamus can all support SPA, albeit by differing 


mechanisms. Stimulation of the ventroposterolateral 
and medial nuclei of the thalamus, for example, can 
inhibit evoked responses of identified spinal nociceptive 
neurons. There is no evidence for a direct projection 
of thalamic neurons to the spinal cord, however. It is 
likely instead that stimulation of the thalamus produces 
antidromic activation of spinothalamic tract collaterals, 
which synapse in medullary reticular formation or pe¬ 
riaqueductal gray, and which, in turn activate neurons 
which do project to the spinal cord to exert inhibition. 
A direct, predominantly ipsilateral projection to the 
spinal cord from the medial hypothalamic nuclei, and 
to a lesser extent, the lateral nuclei of the hypothalamus, 
travels principally in the dorsolateral funiculus and may 
mediate the antinociceptive effect of hypothalamic stim¬ 
ulation. Although the ► Spinal Cord Laminae in which 
these projections terminate have not been identified, 
it is known that oxytocin- and vasopressin-containing 
neurons of the hypothalamus terminate predominantly 
in laminae I and X, and that there are sparse inputs in 
laminae II, III, and V. Both oxytocin and vasopressin 
have been reported to produce analgesia at the level 
of the spinal cord (although the effects of the latter, 
at least, may be confounded by paralytic motor ef¬ 
fects). Another neurochemical possibly involved in 
such hypothalamic stimulation produced analgesia is 
dopamine. Dopaminergic innervation terminates in 
laminae I and particularly laminae III and IV of the 
spinal cord and dopamine has been found to reduce 
spinal nociception both electrophysiologically and be- 
haviorally. This is one of three major ► monoamines 
thought to mediate some forms of SPA. As in cortical 
SPA, SPA from the hypothalamus may be mediated by 
indirect projections to the spinal cord via midbrain and 
hindbrain relay nuclei. 

Mesencephalic Descending Systems 

The PAG receives inputs from such rostral structures 
as the frontal and insular cortex, limbic system, sep¬ 
tum, amygdala, and hypothalamus. Input from caudal 
structures includes those from nucleus cuneiformis, the 
pontomedullary reticular formation, locus coeruleus, 
and the spinal cord. Moreover, the PAG has descending 
connections to the rostral medulla, particularly its ven¬ 
tromedial part (RVM), the medullary reticular nuclei, 
and the ► nucleus raphe magnus (known, as we will see, 
to be a major source of projections to the medullary and 
spinal dorsal horns) as well as ascending projections 
to diencephalon. Thus the PAG is ideally positioned 
to integrate information from sensory systems in the 
brainstem/spinal cord with information from higher 
processing in the forebrain and is thought to modu¬ 
late a number of homeostatic processes including fear, 
anxiety, cardiovascular tone, and vocalization. The de¬ 
scending nociceptive modulation from PAG activated 
by SPA appears to be normally under tonic ► GABA 
inhibitory control such that GABAa antagonists can 
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produce reliable antinociception when microinjected 
into the PAG in the absence of electrical stimulation. 
Endogenous and exogenous opiates likely produce 
analgesia within the PAG via inhibition of inhibitory 
GABA containing intemeurons and thereby activate 
(disinhibit) PAG output neurons. 

Pontine and Medullary Descending Systems 

The ► serotonergic-rich raphe nuclei in the brainstem, 
particularly the nucleus raphe magnus (NRM), were 
implicated early on in mediating SPA. Raphe-spinal neu¬ 
rons were excited by PAG opiate microinjection or PAG 
electrical stimulation. Stimulation of the NRM produced 
analgesia, whereas lesions of this structure inhibited 
SPA from PAG. Consequently, the NRM appeared to be 
a relay station that received descending input from the 
PAG and modulated spinal and medullary dorsal horn. 
Subsequent findings suggest other important alterna¬ 
tive descending paths are activated by PAG opiates 
and electrical stimulation. In order to abolish SPA 
from PAG, lesions of the NRM had to be extended into 
the adjacent magnocellular reticular field. Electrical 
stimulation or lesions in the medullary reticular core 
activate or interfere with, respectively, multiple de¬ 
scending pathways including rubrospinal, tectospinal, 
pontine reticulospinal and noradrenergic fibers in the 
pons -all of which can influence dorsal horn nociceptive 
activity. In addition to fibers of passage, the reticular 
formation in the rostral medulla and caudal pons also 
includes several nuclei which have been implicated 
in pain modulation (including the reticularis giganto- 
cellularis (NGC) and reticularis paragigantocellularis 
lateralis (RPGL) in the rat). These nuclei and the NRM 
have been grouped together by Fields and labeled the 
► rostroventral medulla (RVM). All of the nuclei in 
this region receive projections from the PAG, contain 
cells which can be activated by PAG stimulation, send 
axons to the spinal cord, and can support SPA. 
Microinjection of opiates into RVM, like into the PAG, 
can produce descending pain inhibition (although via a 
different mechanism than observed in PAG as detailed by 
Fields and colleagues (Pan et al. 1997). Nicotinic acetyl¬ 
choline and endogenous cannabinoid (e.g. anandamide) 
mechanisms have also been implicated in RVM medi¬ 
ated pain inhibitory substrates. 

Descending Fibers from Supraspinal Nuclei Terminate in 
Spinal Dorsal Horn and Selectively Inhibit Nociceptive Neu¬ 
rons 

In the mid 1970s, Basbaum and associates (Basbaum et 
al. 1977) lesioned various quadrants of the spinal cord 
to determine the spinal tracts containing fibers descend¬ 
ing from brain stem to dorsal horn which inhibit noci¬ 
ception. They found that lesions of the dorsal part of 
the lateral funiculus (DLF) markedly reduced or abol¬ 
ished SPA (opiate analgesia was also blocked by these 
lesions). The neurochemicals underlying this descend¬ 


ing inhibition have been much studied but have primarily 
focused on monoaminergic systems because of the im¬ 
portance of the medullary raphe and reticular nuclei in 
mediating SPA: 

Cell bodies containing ► serotonin (5HT) are located 
in the nucleus raphe magnus (NRM), n. raphe dorsalis 
(NRD), and several other raphe nuclei in the medulla 
and pons and are absent in spinal cord. Most NRM- 
5HT neurons project to spinal cord via the dorsolateral 
funiculus to terminate predominantly in laminae I, Ho, 
IV, and V of the spinal dorsal horn and near the central 
canal. Early studies of SPA from a number of brainstem 
sites (as well as systemic opiate analgesia) supported a 
role for 5HT in mediating endogenous pain inhibition 
(Basbaum and Fields 1978). Inhibition of synthesis 
of 5HT, destruction of spinal 5HT terminals and le¬ 
sions of 5HT producing cells in the medullary raphe 
all inhibited SPA. Moreover, an intrathecal serotonin 
antagonist blocked analgesia produced by microinjec¬ 
tion of morphine into the raphe nuclei. Application of 
5HT to the spinal cord was most commonly reported to 
inhibit the response of dorsal horn neurons to noxious 
stimulation, and produced analgesia. Dubner, Ruda 
and associates examined sites of interaction between 
descending 5HT axons and lamina I and II neurons 
in a series of experiments (Dubner et al. 1984). The 
majority of spinal 5HT terminals form axosomatic and 
axodendritic synapses with neurons of the dorsal horn 
including STT neurons. Stimulation of NRM inhibited 
all nociceptive-specific (NS) or wide-dynamic-range 
(WDR) neurons identified, including STT cells, and 
all of these lamina I neurons exhibited many 5HT im- 
munoreactive contacts. Thus, the 5HT neurons of the 
nucleus raphe magnus and other nuclei are presumed 
to provide the serotonergic link in the pain-inhibitory 
controls exerted by SPA. Unfortunately, activation of 
serotonin containing neurons also has pro-nociceptive 
effects (e.g. Calejesan et al. 1998) and serotonin’s pro- 
or antinociceptive effects in the spinal cord may depend 
on the specific 5HT receptors activated (of which there 
are many sub-types) and the location of those receptors. 
Although this does not negate the results of previous 
SPA studies it has limited the clinical relevance of, 
for example, serotonin re-uptake inhibitors where it is 
difficult to predict the magnitude or even the direction 
of the effect on pain. 

A second neurochemically distinct monoamine de¬ 
scending system involves ► noradrenergic neurons 
whose cell bodies are in A5, A6 and A7 cell groups in 
the brainstem and whose axons descend in dorsolateral, 
ventrolateral, and ventral funiculi to end in all of the 
laminae of the spinal cord. Several studies indicate that 
a descending norepinephrine (NE) system can medi¬ 
ate analgesia and dorsal horn inhibition and that the 
NE descending system is critical for opiate-induced 
analgesia. Adrenergic blockers can attenuate the anal¬ 
gesia produced by systemic morphine administration, 
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microinjection of morphine into the PAG or magno- 
cellular tegmental field, and SPA of magnocellularis. 
Blockade of PAG SPA by intrathecal ao adrenergic 
antagonists (Budai et al. 1998) emphasizes the impor¬ 
tance of noradrenergic systems in descending nocicep¬ 
tive modulation. Intrathecal 0 L 2 adrenergic agonists, of 
which clonidine is the prototype, produce analgesia 
in animals, including man, although such analgesia is 
associated with hemodynamic and sedative side ef¬ 
fects. Much ongoing work is attempting to identify 
0(2 adrenergic receptor subtypes which might mediate 
analgesia without inducing undesirable side effects to 
provide targets for development of new analgesics, thus 
far without success. 

The opioid peptide enkephalin and 5-HT coexist in 
some RVM neurons and based on the overlap between 
opiate and SPA mechanisms it seems reasonable to 
assume an importance of enkephalins in descending 
pain inhibitory systems. Nonetheless, there is surpris¬ 
ingly little evidence suggesting the importance of spinal 
opioids in descending inhibition of nociception. Budai 
and Fields reported that descending inhibition of heat 
responses in dorsal horn cells from PAG is antagonized 
by direct application of mu antagonists on the spinal 
cord although many others have failed to see inhibition 
of SPA by spinally administered opiate antagonists. 
The anatomy and physiology of SPA as revealed in the 
laboratory have been complementary to the many clin¬ 
ical reports that electrical stimulation of the thalamus, 
septum, caudate nucleus, medial forebrain bundle, lat¬ 
eral hypothalamus, and internal capsule can all produce 
analgesia in humans (Richardson 1990). The invasive 
nature of such human stimulation-produced analgesia 
and the resultant risks involved in such therapy make 
such reports of more scientific than therapeutic value. 
The long term benefit of SPA in humans has not been 
demonstrated due to tolerance to SPA, inadequate elec¬ 
trode placement or innumerable other physiological or 
clinical reasons. Nonetheless, although the similarities 
between SPA in humans and laboratory animals does not 
imply that such stimulation is recommended for either, 
an understanding of the neurochemical basis of SPA in 
animals may one day help identify new therapeutic drags 
in man. Moreover, identification of less invasive ways 
of activating the endogenous pain-inhibitory substrates 
mediating SPA (by placebo, acupuncture, or exercise, 
for example) may help us harness these systems for ther¬ 
apeutic benefit in the years to come. 

► Forebrain Modulation of the Periaqueductal Gray 
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Synonyms 

Neurostimulation; neuromodulation 

Definition 

Nervous system stimulation is a pain treatment that uses 
low voltage electrical or magnetic stimulation, delivered 
to the central or peripheral nervous systems, to inhibit 
or block the sensation of pain. 

Characteristics 

Chronic pain is an important cause of physical and emo¬ 
tional suffering, interference in family and social life, re¬ 
duced quality of life, disability, work absenteeism and 
an increased need for health care. Injury to the nervous 
system represents a risk for the development of chronic 
pain, having a mayor impact on patients as well as soci¬ 
ety. The IASP (International Association for the Study 
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of Pain) defines “neuropathic pain” as a pain initiated 
or caused by a primary lesion or dysfunction of the ner¬ 
vous system. Peripheral neuropathic pain occurs when 
the lesion or dysfunction affects the peripheral nervous 
system. Damage to the central nervous system (CNS) 
can also cause chronic pain. The IASP defines “central 
pain” as a “pain initiated or caused by a primary lesion 
or dysfunction in the central nervous system”. 
Treatment of central pain (CP) is often difficult and it is 
not known if different CP conditions respond differently 
to different treatments. Despite the discovery of multi¬ 
ple mechanisms causing chronic pain, the handling of 
central pain is still insufficient. 

Central Nervous System Stimulation 

CNS electrical stimulation has been used to treat various 
pains. Investigation has been done into the use of stimu¬ 
lation on well-defined targets including cortex, sensory 
thalamus, midbrain periaqueductal or periventricular 
gray and spinal cord. 

CP is caused by a heterogeneous group of aetiologically 
different diseases (traumatic, vascular, degenerative, 
inflammatory, tumoural, etc.), of different damage lo¬ 
cations (spinal cord, brainstem, thalamus and cortex), 
and of both rapidly and slowly developing lesions. It 
seems that every lesion affecting structures involved in 
somatic sensibility can produce CP. The physiopathol- 
ogy of central pain is still poorly understood, but the 
thalamus seems to play a pivotal role in the generation 
of central pain. Thalamic neurons are hyperactive and 
cells spontaneously fire (bursting cells) in patients with 
central pain. Intraoperative stimulation of the lateral 
thalamus in patients with CP (with symptoms of hyper- 
pathia or allodynia) elicited a painful sensation, while 
control patients (patients operated for dyskinesias or 
tremor) did not. Furthermore, an altered somatotopy 
and displaced and/or reorganized receptive fields have 
been observed in the thalamus of patients with CP. In 
addition, an unbalanced transmission between sensory- 
motor cortex and the sensory thalamus has also been 
hypothesized in the generation of CP. All these consid¬ 
erations suggest that a form of plasticity is present in 
the thalamus and the cortex, and also probably in other 
locations of the CNS (Brown and Barbara 2003). 

The sensory cortex could be thought of as a primary tar¬ 
get for stimulation to obtain pain relief, but the useful¬ 
ness of the stimulation of this target is still under debate. 
Stimulation of the sensory cortex in animal models did 
not produce conclusive evidence of effective pain man¬ 
agement. In humans, when the sensory cortex has been 
stimulated, pain was either exacerbated or remained un¬ 
changed. However, contradictory results of sensory cor¬ 
tex stimulation have recently been reported (Bonicalzi 
and Canavero 2004; Brown and Barbara 2003). White 
and Sweet (1955) performed post-central gyrectomy and 
obtained pain relief in only a few (13 %) of the treated 
patients, whereas the surgical removal of both the post 


and the precentral gyri produced long-term relief from 
pain. These results are suggestive of the importance of 
motor cortex removal in providing pain relief, due to the 
fact that precentral gyrus ablation was performed in a 
second surgical operation, given that the previous post- 
central ablation had not been effective. 

Tsubokawa and his co-workers described their first 
clinical experience using motor cortex stimulation to 
treat central pain syndromes in 1991. They reported 
“excellent or good” pain relief, and a long-term efficacy 
of motor cortex stimulation in most of the patients. 
Since then many other patients have been treated with 
motor cortex stimulation with similar, interesting re¬ 
sults (Brown and Barbara 2003). How motor cortex 
stimulation (MCS) works in producing pain relief is 
still poorly understood. It is still not clear if MCS acts 
at cortical level or through the activation of descending 
axons. An intact corticospinal tract originating from 
motor cortex would seem to be required to obtain pain 
relief, while an intact somatosensory system does not 
appear to be necessary to receive benefit from MCS. 
Pain relief is achieved at a stimulus intensity below the 
threshold for muscular movement, and the efficacy of 
MCS seems to have a somatotopic organization. The 
corticospinal tract could be activated by motor cortex 
stimulation below the threshold for muscle movement 
(Di Lazarro et al. 1998). The necessity to have an intact 
corticospinal tract to obtain pain relief, and the possi¬ 
bility to stimulate it with stimulus intensity below the 
threshold for muscular movement, could suggest that 
an activation of projecting axons is required. Moreover, 
MCS seems to activate the thalamus. Positron emission 
tomography studies during MCS show activation in 
the ipsilateral thalamus, cingulate gyrus, orbitofrontal- 
cortex and brainstem; some of these structures could 
be related to the suffering component of chronic pain, 
and the removal of this component could be one of the 
ways in which MCS is effective in providing pain relief 
(Garcia-Larrea et al. 1999). 

► Transcranial magnetic stimulation (TMS) was intro¬ 
duced in 1985 and permits a non-invasive stimulation of 
the cerebral cortex. TMS has been used in evaluation of 
the motor system, the functional study of several cere¬ 
bral regions, and the physiological study of several neu¬ 
ropsychiatric illnesses. ► Repetitive transcranial mag¬ 
netic stimulation (rTMS) has become a useful tool for in¬ 
vestigating and even modulating human brain function. 
rTMS of the human motor cortex can produce changes 
in cortical excitability that outlast the period of stimula¬ 
tion. In addition, it has been postulated that rTMS could 
be a therapeutic tool in some psychiatric disorders. 
rTMS of the motor cortex has also been demonstrated 
as useful in alleviating acute pain (induced by cap¬ 
saicin) and chronic pain (neuropathic pain of central 
and peripheral origin). High frequency rTMS seems 
effective in alleviating neuropathic pain, and this effect 
seems capable of predicting the efficacy of invasive 
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MCS (Lefaucheur et al. 2004). How motor cortex 
rTMS works to provide pain relief is still not clear. 
rTMS can modulate cortical excitability, promote a 
short term change in inhibitory cortical activity, modify 
corticocortical connections functionally, and produce 
a net change in synaptic cortical activity. Sensory 
functions are modulated by rTMS of the sensorimotor 
cortex. Tactile threshold was increased for a short du¬ 
ration after low-frequency rTMS of the sensorimotor 
cortex, and thermal perception was reduced after high- 
frequency rTMS of the same cortical area (unpublished 
personal observations). rTMS activates a network of 
primary and secondary cortical motor regions (using a 
suprathreshold intensity), supplementary motor area, 
dorsal premotor cortex, cingulate motor area, as well 
as the putamen and thalamus (using both supra and 
subthreshold intensity) (Bestmann et al. 2004). In con¬ 
clusion, rTMS of the motor cortex and invasive MCS 
seem to activate overlapping cerebral regions, and ac¬ 
tivation of the thalamus again seems to be important 
to obtain pain relief. Moreover, it has recently been 
observed that invasive MCS and rTMS activate the 
motor cortex in a similar (though not exactly the same) 
way (Di Lazarro et al. 2004). Future studies will clarify 
the role of rTMS; whether this non-invasive technique 
could be useful for treatment of CP and predict the 
efficacy of invasive MCS. 

Thalamus has long been known to be involved in the 
processing of pain in normal and pathological condi¬ 
tions, and it seems to play an important role in the way 
therapeutic cortical stimulation works. Stimulation of 
the somatosensory thalamus has been used for many 
years in the treatment of chronic pain. More recently, 
the centre median-parafascicular complex has also been 
targeted in order to obtain relief from neuropathic pain. 
However, despite clinical reports of successful results, 
little is known about the way this form of analgesia is 
achieved. Thalamic stimulation activates ipsilateral in¬ 
sula and the anterior cingulate cortex, and only produces 
a slight effect on the somatosensory cortex (Duncan et 
al. 1998). For these reasons and others, the gate control 
theory, which is based on the idea of stimulation of 
low threshold somatosensory pathways inhibiting pain 
(Melzack and Wall 1965), as a basic mechanism of 
how stimulation works, has been thrown into doubt. An 
alternative hypothesis is that thalamic stimulation may 
activate thalamocortical circuits involved in thermal as 
well as tactile processing, and in this way could provide 
analgesia. Whichever mechanism is hypothesized, it 
seems that the cortex and thalamus represent two sites 
within a pain related circuit, and pain relief can be 
achieved wherever you stimulate within this circuit. 
Spinal cord stimulation (SCS) has been widely used in 
the management of pain. It emerged as a clinical appli¬ 
cation of the gate-control theory. Later, the therapeutic 
properties of SCS were considered to be due to a sympa¬ 
tholytic effect. This effect is considered to be responsi¬ 


ble for the effectiveness of SCS in peripheral ischemia, 
cardiac ischemia, and at least some cases of pain syn¬ 
dromes (► Complex Regional Pain Syndromes, General 
Aspects Types I and H). The sympatholytic effect has 
also been considered effective in the treatment of other 
chronic pain states such as failed back surgery syndrome, 
diabetic neuropathy, post-herpetic neuralgia, and mul¬ 
tiple sclerosis. It is surprising that almost forty years af¬ 
ter the first attempt to modulate pain through SCS only 
few large-scale trials of its effectiveness have been pub¬ 
lished, and at present there is limited evidence that spinal 
cord stimulators are effective in the management of pain. 

Peripheral Nervous System Stimulation 

The basic idea of using local application of electricity 
for pain treatment is ancient, and in ancient Greece the 
electrical properties of animals have been used for pain 
relief in pain conditions of the upper and lower limbs. 
► Transcutaneous electrical nerve stimulation (TENS) 
is widely believed to be an effective, safe and relatively 
non-invasive intervention which can be used to alle¬ 
viate many different types of pain, including labour 
pain, surgical pain, back pain, arthritis, neuropathic 
pain, menstrual pain, migraine and headache. However, 
controversy still surrounds TENS and its effectiveness 
has not been proven conclusively. A Cochrane review 
recently concluded that it is not possible to provide use¬ 
ful evidence-based information for the use of TENS for 
CP (Carroll et al. 2004). The gate-control theory could 
provide a possible means of understanding the way in 
which TENS works. Peripheral stimulation could acti¬ 
vate large myelinated nerve fibres and local inhibitory 
circuits within the dorsal horn of the spinal cord, regulat¬ 
ing the flow of pain information, and thus reducing the 
perception of pain. Peripheral mechanisms of pain relief 
have also been hypothesized, but microneurographic 
studies failed to demonstrate an impulse transmission 
failure during TENS administration to nerves. TENS 
could also provide pain relief neurochemically. Con¬ 
tradictory data are present in literature where opioid 
systems are or are not stimulated by TENS. It seems 
that low frequency of stimulation is capable of activat¬ 
ing opioid endogenous systems, while high frequency 
TENS does not. This would suggest that the frequency 
of stimulation is critical in achieving successful pain 
management. Opioid endogenous system activation 
should work in a similar way to that of acupuncture 
analgesia. 
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I- 

Stimulus-Dependent Pain 

Definition 

Pain that is evoked by stimulation. 

► Diagnosis and Assessment of Clinical Characteristics 
of Central Pain 

I- 

Stimulus-Evoked Pain 


Definition 

Pain elicited by external stimulation. 

► Antidepressants in Neuropathic Pain 

I- 

Stimulus-Independent Pain 

Definition 

Pain that occurs spontaneously, not dependent on stimuli 
applied to the skin. 

► Diagnosis and Assessment of Clinical Characteristics 
of Central Pain 

i- 

Stimulus Quality 

Definition 

The categorical subjective experience evoked by activa¬ 
tion of either primary afferents or central nervous sys- 
temneurons. Such experiences could be burning, aching, 
pricking, warm, cool, etc. 

► Encoding of Noxious Information in the Spinal Cord 


I- 

Stimulus Response Functions 
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Characteristics 

Pain Threshold and Pain Tolerance 

The pain threshold is the minimum amount of noxious 
stimulation that reliably evokes areportofpain. Pain tol¬ 
erance is similarly defined as the time that a continuous 
stimulus is endured or the maximally tolerated stimulus 
intensity. The popularity of threshold and tolerance mea¬ 
sures are due in part to their ease of use and a response 
that is expressed in physical units of stimulus intensity 
or time, avoiding the problems with developing a sub¬ 
jective scale of pain. Both threshold and tolerance mea¬ 
sures are often confounded with time or increasing inten¬ 
sity and thus consistent data or analgesic effects can be 
simulated by responding after a specific number of stim¬ 
uli or after a specific elapsed time. External factors can 
bias a subject to respond sooner or later or to a lower or 
higher intensity. Tolerance of a painful stimulus has been 
shown to be related to a separate endurance factor that 
is not associated with sensory intensity (Cleeland et al. 
1996; Timmermans and Steinbach 1974; Wolff 1971). 
Although these simple methods may be useful in spe¬ 
cific situations, at best they only assess the extremes of 
the perceptual pain range. 

Assessing the Range between Pain Threshold and Tolerance: 
Suprathreshold Scaling 

Rather than determine pain sensitivity at specific end¬ 
points, suprathreshold scaling methods evaluate the 
range of pain intensity from low to those deemed toler¬ 
able by the subject. Since tolerance is not a measure of 
pain sensitivity, these scaling methods provide critical 
information about the pain processing system that are 
more relevant to the magnitudes of pain experienced 
in clinical conditions. In addition, these measures are 
not always associated; in the example of hyperaphia 
and in other less extreme conditions, the function may 
rotate, resulting in higher pain thresholds but increased 
suprathreshold sensitivity. In these cases the pain thresh¬ 
old is not only irrelevant but actually misleading. 
Although there are many types of direct scaling meth¬ 
ods, the most common method is to select a set of 5-7 
stimulus intensities that 1) cover the range from above 
pain threshold to that tolerated by the subject and 2) are 
spaced close enough to be confused with one another. 
This latter property is important to avoid artefactual re¬ 
liability (e.g. “that is the third stimulus from the bottom 
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that I call a 5”). Once the stimulus set is chosen, arandom 
sequence is determined to deliver each stimulus at least 
2 or 3 x; thus 7 stimuli delivered 3 x each would result in 
21 trials. After each stimulus, the subject uses aresponse 
scale to rate some aspect, usually sensory intensity, of the 
evoked pain sensation. There is a large and sometimes 
lively literature about choice of response scale and the 
appropriate analysis, addressed only briefly below. 

The random sequence of stimulus presentation theoreti¬ 
cally controls for psychophysical biases. This feature is 
not usually included in necessarily fast clinical methods 
because of the enormity of modalities and areas that 
have to be tested in a short time and because many clin¬ 
ical abnormalities are distinct and adequately captured 
by these simple methods. Recent empirical evidence 
supports the theoretical advantage of the random meth¬ 
ods. ► Fibromyalgia is diagnosed in part by applying 
4 kg of manual pressure to 18 defined tender points 
and recording a report of pain from at least 11 of these 
sites. The method can be objectified somewhat by using 
one of several types of pressure algometer to deliver 
a pressure stimulus that increases at a constant rate 
and the subject indicates the point at which the evoked 
sensation becomes painful (termed the pain pressure 
threshold or PPT). Petzke et al. (2003), in a popula¬ 
tion with both healthy controls and with fibromyalgia 
patients with a normal spread of pressure sensitivities, 
observed that the tender point count, and to a lesser 
extent the PPT, was significantly associated with psy¬ 
chological distress while a random method was not. 
Giesecke et al. (2003) replicated this study with a cohort 
of fibromyalgia patients. Although the use of simple 
clinical measures may be warranted and sufficient in 
many cases, in this case one of the diagnostic criteria 
is probably an unknown mix of somatic sensitivity and 
psychological distress. 

The scaling method described above was used exten¬ 
sively before the age of computers and has been adapted 
to computer administration. However, computers allow 
for new, interactive methods that take advantage of the 
ability to adjust the levels of stimulation based on the 
subject’s responses (Duncan et al. 1992; Gracely et al. 
1988). These “second generation” methods are able to 
overcome a number of problems with conventional di¬ 
rect scaling. For example, in many cases and especially 
when comparing patient groups to controls, the maxi¬ 
mum level of stimulation must be determined for each in¬ 
dividual with direct scaling, while newer methods deter¬ 
mine this automatically. Also, a successful analgesic in¬ 
tervention may be obvious with direct scaling because all 
of the evoked sensations seem less intense. An interac¬ 
tive method can increase the stimulus intensities to evoke 
the same responses (and presumably similar sensation 
levels) as those produced before the analgesic interven¬ 
tion. Interactive methods express sensitivity in terms of 
stimulus intensity, providing a common measure across 
time and subjects. 


There are a number of other advanced scaling techniques 
that have been applied to pain measurement. Stimulus 
integration methods require subjects to rate some com¬ 
bination of two stimuli or two stimulus characteristics, 
which are varied independently. Both a non-parametric 
method termed conjoint measurement and a parametric 
method termed functional measurement have been ap¬ 
plied to pain assessment. In a typical application, sub¬ 
jects are presented with two stimuli and asked to rate the 
average pain of the two. The two stimuli can be from the 
same pain modality (Jones 1980), different modalities, a 
pain modality and an aversive non-painful modality (Al- 
gom 1986) or even a pain modality and words symbol¬ 
izing pain (Gracely and Wolskee 1983; Heft and Parker 
1984). The analysis treats scaling as an experiment that 
either indicates that subjects can perceive, combine and 
reliably rate the concept being measured or indicates a 
failure at one or more of these three stages. This promis¬ 
ing method has only been used in a small number of stud¬ 
ies. 

Issues Concerning the Choice of Response 

As mentioned above, pain scaling can use a number of 
response measures such as verbal (none, mild, moderate, 
intense) or numerical (0-10) categories (Brennum et al. 
1992; Max and Laska 1991). Probably the most widely 
used is the visual analog scale (VAS), commonly dis¬ 
played as alO cm horizontal line labeled at the ends with 
extreme descriptors such as “no pain” and “pain as bad as 
it could be.” Subjects indicate the magnitude of pain by 
marking the line. This method has been shown to be sen¬ 
sitive (Price 1988) and is useful in multi-center interna¬ 
tional trials, avoiding the problems of translating and val¬ 
idating verbal scale in multiple languages. On the other 
hand, verbal category scales may increase face validity 
by anchoring judgments to specific levels of pain. The 
author favors category scales in which the position of 
descriptors is determined in previous experiments, and 
different scales display words of a particular pain dimen¬ 
sion, such as mild, moderate and intense for pain inten¬ 
sity and unpleasant, distressing or very distressing for 
pain unpleasantness (Gracely et al. 1979). There is some 
evidence that the use of language may help to facilitate 
discrimination of different pain dimensions, although it 
is also likely that sufficient training will result in ade¬ 
quate discrimination with any scale. In addition, the is¬ 
sues about the type of response are dependent on other 
facets of the experimental situation, such as the goal of 
the measurement. If the goal is to provide baseline mea¬ 
surement and compare the responses between different 
groups of subjects, methods with increased face validity, 
possibly by the use of multiple verbal categories, may 
be advantageous. If the goal is to address the efficacy of 
a fast-acting analgesic, sensitivity to change in pain is 
more important than categorizing initial pain. 

If subj ects make repeated responses to a number of stim¬ 
uli, all of the responses and methods above are influenced 
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by biases, such as the desire to spread responses along the 
entire response continuum. This bias can be controlled 
by the use of responses with an unlimited range (number 
use, duration of a button press) or by presenting quan¬ 
tified verbal descriptors in a random sequence, forcing 
choices based on semantic content rather than the posi¬ 
tion in a list. A few studies have addressed these biases 
with scales such as the VAS (Fernandez et al. 1991) but 
generally these effects have not been investigated in any 
detail. In many cases they would tend to diminish anal¬ 
gesic effects, making the many such demonstrations of 
analgesia more convincing. 

The Use of Experimental Pain Scaling in the Assessment of 
Clinical Pain 

In addition to the goals of determining differences in 
pain sensitivities between groups and assessing the 
action of interventions, the stimulus-response function 
can be used to characterize the function of the pain 
sensory system under normal conditions, under exper¬ 
imental conditions such as slow temporal summation 
and under pathophysiological conditions such as nerve 
injury or inflammation. Indeed, the growth of clinical 
studies employing quantitative sensory testing (QST) 
is an excellent example of the successful merging of 
experimental procedures and clinical evaluation. An 
additional application is the interesting concept that 
responses to an experimental pain stimulus can aid the 
often problematic process of measuring the subjective 
experience of clinical pain. 

One approach to assisting clinical pain measurement is 
the use of triangular validation in which the vertices rep¬ 
resent a scaling method, clinical pain experience and the 
experience of experimentally evoked pain. The sides of 
the triangle represent the three possible comparisons of 
two vertices. One side is using a scale to clinical pain. 
Another is using the same scale to establish the stimulus- 
response function described above. The third is a vari¬ 
ant of magnitude matching (Feine et al. 1991) in which 
subjects perform the novel task of comparing their clin¬ 
ical pain experience directly with an experimental pain 
experience. In theory the combination of any two legs 
predicts the third leg; for example the combination of 
stimulus-response functions and clinical-experimental 
pain matching provides a second measure of clinical pain 
magnitude that can be compared to the direct scaling 
of clinical pain experience. Experimental studies using 
acute dental pain, chronic orofacial pain and chronic low 
back pain confirm the theoretical agreement (Gracely 
1979; Heft et al. 1980; Price et al. 1984). 

Finally, while not using painful stimulation, another ap¬ 
proach applies the principles of scaling to clinical pain 
assessment. Scaling methods collect multiple stimulus- 
evoked responses in relation to a single subjective 
standard. A clinical application of scaling turns this 
process around by using quantified categories to com¬ 
pare a single “clinical stimulus” to multiple subjective 


standards. The descriptor differential scale (DDS) uses 
this approach by presenting 12 quantified descriptors 
and instructing subjects to rate whether their clinical 
pain is equal to that implied by the descriptors or how 
much less or greater ona+10-10 scale. The DDS has 
demonstrated adequate reliability, internal consistency, 
validity and sensitivity (Doctor et al. 1994; Gracely 
and Kwilosz 1988). The use of multiple measures also 
provides a measure of scaling consistency. Preliminary 
studies have shown generally high consistency that 
improves from the first to the second administration 
(Gracely and Kwilosz 1988). These consistency mea¬ 
sures can be used to identify subjects who are obviously 
not attending to the scaling task. The use of multiple 
items also allows the construction of alternative forms, 
each with different descriptor items. Validated alterna¬ 
tive forms of the DDS demonstrated accurate memory of 
acute post surgical pain over a 1 week period (Kwilosz 
et al. 1984). The use of alternative forms in such studies 
increases confidence that the demonstrated recall is 
of previous pain and not of a previous response. An 
additional advantage of scaling methods in clinical pain 
assessment is that the use of multiple items decreases 
the influence of random scaling errors. The reliability 
and homogeneity of the overall score of the DDS is 
improved in comparison to analyses of individual items 
(Gracely and Kwilosz 1988); an effect consistent with 
the concept that averages of multiple responses to a 
single-item pain diary are superior to single responses 
or to the mean of only a few responses (Jensen and 
McFarland 1993). 

Critics point out that pain evoked by experimental 
methods cannot duplicate the sensory, emotional and 
cognitive dimensions of clinical pain. Perfect dupli¬ 
cation of all these features is not a requirement for 
utility and scaling methods have provided and con¬ 
tinue to provide a wealth of information about the 
mechanisms of pain and pain control, about normal 
and abnormal pain processing, about the influence 
of clinical pain on pain perception and about clini¬ 
cal pain magnitude. Future studies of pain genetics 
will be as good as the ability to phenotype individ¬ 
uals accurately and scaling methods that have been 
shown to be purer measures of factors such as ten¬ 
derness will probably contribute to such investiga¬ 
tions. Despite advances in neuroimaging and human 
neurophysiology, pain is still defined only by human 
subjective experience. Clearly, methods that system¬ 
atically assess this experience are critical for studies 
that will ultimately lead to improved diagnosis and 
treatment. 

These experiments will probably provide important 
parts of the puzzle of the multiple mechanisms of 
pain perception. They will also probably continue to 
approach one of the most elusive goals: a physiolog¬ 
ical signature associated with what is otherwise an 
unobservable and private event. 
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I- 

Stomatodynia 

► Atypical Facial Pain, Etiology, Pathogenesis and 
Management 

I- 

STP Syndromes 

► Soft Tissue Pain Syndromes 

I- 

Straight-Leg-Raising Sign 

► Lower Back Pain, Physical Examination 

I- 

Strain 

Definition 

Traumatic injury to the muscle. 

► Opioids and Muscle Pain 

I- 

Stratum Corneum 

Definition 

The stratum corneum is the uppermost layer of skin and 
consists of cells containing keratin. Old and dead cells on 
the surface are continuously shed off, and are replaced 
by new cells formed at the stratum germinativum. 

► Opioid Therapy in Cancer Pain Management, Route 
of Administration 

I- 

Strength (Efficiency) of Chemical 
Synapses 

Action potentials invading pre-synaptic nerve terminals 
trigger release of one or more fast neurotransmitters, 
which activate postsynaptic ionotropic neurotransmitter 
receptors such as AMPA-, kainate- or NMDA-receptors 
for glutamate (usually excitatory), or GABAa or glycine 
receptors for y-amino-buturic acid and glycine (usu¬ 
ally inhibitory), respectively. Ligand binding leads to 
excitatory inward currents or inhibitory outward cur¬ 
rents and increased membrane conductance. Synaptic 
strength is defined as the magnitude of postsynaptic 
currents elicited by a single pre-synaptic action poten¬ 
tial. Action potential firing of the postsynaptic cells 
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depends on spatial and temporal summation of exci¬ 
tatory and inhibitory synaptic input, level of resting 
membrane potential, pacemaker potentials and mem¬ 
brane excitability of the post-synaptic cell. Thus, action 
potential firing of a post-synaptic neuron in response 
to pre-synaptic stimulation is not a direct measure of 
excitatory synaptic strength. 

► Long-Term Potentiation and Long-Term Depression 
in the Spinal Cord 


I- 

Streptozotocin 

Definition 

An antibiotic made by Streptomyces achromogenes, 
which is a selective toxin of the |3 cells of the pancreas. 
It enters the (3 cell via glucose transporters and induces 
DNA damage. Cells undergo necrosis, rupture and 
release stored insulin. The result is a transient period 
of hypoglycemia caused by release of insulin into the 
blood, followed by progression to hyperglycemia as 
cells such as muscle and fat fail to take up glucose from 
the blood due to the lack of insulin to activate their 
glucose transport mechanisms. 

► Neuropathic Pain Model, Diabetic Neuropathy Model 


I- 

Streptozotocin-lnduced Diabetic 
Neuropathy 

Definition 

Streptozotocin is a chemical that destroys the beta islet 
cells of the pancreas, and can therefore be given as an 
intra-peritoneal injection in the animal model to create 
diabetes mellitus. 

► Ulceration, Prevention by Nerve Decompression 


I- 

Stress 

Definition 

Any environmental or life event perceived by the individ¬ 
ual as threatening to his or her physical or psychological 
well being and exceeding his or her capacities to cope. 
It causes bodily or mental tension and may be a factor 
in disease causation. 

► Pain as a Cause of Psychiatric Illness 

► Pain in the Workplace, Risk Factors for Chronicity, 
Psychosocial Factors 

► Stress and Pain 


I- 
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Synonyms 

Psychosocial factors; Biobehavioral Factors; Occupa¬ 
tional Stressors; Family Stressors; Social Stressors; 
Physical Stressors; Physiological Pathways 


Definition 


Stress has been defined as a state of threatened home¬ 
ostasis, or a disturbance of the body’s physiological 
processes that are normally maintained at a predeter¬ 
mined, optimal set point. While homeostasis suggests 
that there is a single set point for any physiological 
measure that is adjusted by some local mechanism, a 
common principle in the area of stress (i.e. ► allostasis) 
emphasizes that different situations require variations in 
set points, for which regulatory changes throughout the 
body are necessary in order to maintain optimal levels 
of biological function (McEwen 1998). Many theories 
and models hypothesize that exposure to environmental 
stimuli (referred to as “stressors”) initiates the stress 
response. In a physiological context, a ► stressor can be 
something physical (i.e. frequent lifting) or psycholog¬ 
ical (i.e. time demands at work) that disrupts the body’s 
allostatic balance. The ► stress response is the body’s 
attempt to maintain stability, or homeostasis, through 
change (McEwen 1998). 

An early cognitive model of stress (Lazarus 1966) 
suggests that the physiological stress response may be 
affected by the degree and intensity of the perceived 
stress, or a person’s ► cognitive appraisal (evaluation) 
of the actual environmental stimuli. As any stimuli could 
potentially be interpreted as harmful, it is the cognitive 
appraisal or perception of a given situation that labels 
the stimuli as threatening or as “stressors”, thus eliciting 
the stress response. Appraisal can be modified by atten¬ 
tion, past experiences, and various psychological coping 
styles. According to Lazarus, when making an appraisal, 
people consider the resources they have available to 
cope with the potential stressor and their ability to offset 
the threatening stimuli. A person’s vulnerability to the 
stressor can be mediated by variables such as social 
support, perception of predictability and controllabil¬ 
ity, problem solving, skill-building and/or learning, as 
well as personal factors, genotype, and lifestyle. Some 
of these variables can be categorized as ► Coping 


s 








2326 Stress and Pain 


Strategy/Style (e.g. problem solving, recruiting social 
support). These mediating variables have been reported 
to impact the stress-pain relationship in a number of 
recurrent chronic pain disorders. Haufler et al. (2000) 
found an association between job stress, response to 
work demands, and upper extremity pain and function. It 
is important to note that stressors can impact the severity 
of pain, tolerance of pain, and the behavioral disability 
associated with the pain (Wall and Melzack 1999). 
Any stimulus deemed threatening through the per¬ 
son’s cognitive appraisal of the situation can disturb 
the body’s allostasis, and consequently evoke a stress 
response which can involve acute and longer term phys¬ 
iological, hormonal, immune, cognitive and behavioral 
changes. Over the years, many researchers have pro¬ 
posed that the stress response involves the activation of 
a number of different systems that each interact with 
one another. For example, the hypothalamic-pituitary- 
adrenal (HPA) system is activated and produces CRH, 
which activates ACTH, which results in the production 
of cortisol (humans) or corticosterone (animals). The 
locus coeruleus-norepinephrine-sympathetic (LC-NE) 
system in the brainstem has both descending and as¬ 
cending projections. Both of these systems interact 
with the immune, opioid and limbic-cortical systems to 
determine the degree of stress-regulation, and whether 
or not pain will be experienced or suppressed (Chrousos 
and Gold 1992). 

The speed, magnitude and duration of these changes 
depend on the stressor, its perceived severity, and at¬ 
tenuating or exacerbating conditions. The prolonged 
activation of the stress response, specifically the stress- 
regulation systems, can potentially initiate, exacerbate, 
and/or maintain certain pain states and illness related 
to pain (Melzack 1999; Watkins and Maier 2000). 

Characteristics 

In examining the characteristics of the stress-pain link, it 
is important to consider the biobehavioral changes that 
can occur, underlying its plausibility in both acute and 
chronic stages. Animal and human research has shown 
that the acute stress response can result in analgesia, or a 
suppression of pain. A variety of stressful environmen¬ 
tal stimuli can elicit pain suppression, including elec¬ 
tric shock, cold water, swims, aggression, the sight of 
a cat by a rat, and military combat. Studies examining 
the possible neural pathways and neurochemistry medi¬ 
ating analgesia, suggest that the brain sends signals to 
the spinal cord where pain signals are inhibited. Endoge¬ 
nous opioid compounds are synthesized and released by 
the parts of the brain that regulate pain perception. These 
natural painkillers circulate in the bloodstream and bind 
to opiate receptors, effectively blunting the perception 
of pain (Wall and Melzack 1999). However, some stres¬ 
sors can result in analgesia through unknown nonopioid- 
mediated pathways. Thus, after a severe acute injury, it 
is well known that some people may not feel pain until 


hours, or even days, later (e.g. during the excitement of 
a sports match). 

The biological mechanisms responsible for the stress- 
pain link are complicated and at present not well delin¬ 
eated. Eriksen et al. (1999) have examined the temporal 
dimension of the stress response, and provided evidence 
that it develops in phases. According to his model, the 
stimulus first produces increased brain activity, which 
leads to behavioral changes (i.e. goal-directed behavior). 
Within seconds, the sympathetic and parasympathetic 
nervous systems are activated. Then slower acting sys¬ 
tems, like the endocrine system, respond. Its effects are 
more systemic. Changes in the immune system occur 
last, some as a response to the peak levels of hormones 
generated by the endocrine response. However, if a 
stressor is constant, such as prolonged exposure to time 
demands at one’s job, with persistent recurring thoughts 
at home and few opportunities for recovery, there can be 
sustained activation of the systems involved in the stress 
response. Hormone and immune levels can rise dramat¬ 
ically and stay high for long periods of time. Receptors 
may up-regulate and neurons can become sensitized. 
Normal somatic signals may be over-interpreted and the 
sensations from the body may be evaluated as danger 
signals, further enhancing the stress response (Eriksen 
et al. 1999). Figure 1 (Webster et al. 2002) illustrates 
the communication pathways among the systems as 
delineated in Maier (2003). 

Melzack views pain as a multi-dimensional experience 
produced by many influences (e.g. sensory input, so¬ 
matic input, cytokines, cultural experience). Melzack 
(1999) proposed a ► body-self neuromatrix model, 
which consists of three parallel neural networks that 
contribute to the sensory-discriminative, affective- 
motivational, and evaluative-cognitive dimensions of 
the pain experience. The neuromatrix receives input 
from many sources, including somatic, visual, cognitive 
and emotional, and the stress-regulation systems (in¬ 
cluding endocrine, immune, opioid, HPA and LC-NE). 
In the neuromatrix model, the input, which includes 
either acute or long-term stress responses, modulates 
the pain experience. 

Extended activation of these stress-regulation systems, 
which are proposed to be partly responsible for deter¬ 
mining the body’s pain response, impacts muscle, bone, 
joints, and neural tissue, and may set the stage for a num¬ 
ber of persistent pain disorders such as persistent back 
pain and arthritis. Any site of inflammation or immune 
response cytokine activity, which can include strain or 
muscle spasm, could become a target for cortisol. Barr 
(2002) proposes that a “vicious cycle” can be initiated 
as cytokines released during acute inflammation activate 
macrophages, which then in turn produce even more cy¬ 
tokines that further stimulate inflammation and a further 
release of cortisol. Through this process, direct tissue 
damage can occur, with the end result being chronic in¬ 
flammation and pain. 
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Figure 1 Diagram of the 
routes of communication between 
the brain and immune system, 
including the HPA axis, sympathetic 
nervous system, and cytokine 
feedback to the brain (from 
Webster Jl, Tonelli L, Sternberg EM 
(2002) Neuroendocrine regulation 
of immunity, Annual Review of 
Immunology 20:125-163). 
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Proinflammatory cytokines, such as IL-1, IL-6 and 
TNF-a, appear to play a pathogenic role in various 
diseases associated with disability among the elderly, 
including arthritis; elevated levels of IL-6 predict future 
disability in older adults (Ferrucci et al. 1999). Research 
also shows that both acute and chronic stressful experi¬ 
ences can increase the production of proinflammatory 
cytokines. Kiecolt-Glaser and colleagues (2003) studied 
spousal dementia caregivers, and found that caregivers 
had an average rate of increase of IL-6 approximately 
four times that of non-caregivers. Moreover, stress may 
permanently alter the responsiveness of the immune 
system. The same study reports that the caregivers’ 
mean annual IL-6 levels did not change, even 3 years 
after the death of the impaired spouse (Kiecolt-Glaser 
et al. 2003). Women may be especially vulnerable to 
stress and pain. A study of female managers at an in¬ 


surance company found that, although no significant 
differences were found during the workday compared 
to male colleagues, the women had significantly higher 
norepinephrine levels after work, while the males’ lev¬ 
els returned to normal (Lundberg and Frankenhaeuser 
1999). 

Furthermore, pain itself can be a powerful stressor. Many 
studies have shown that severity of pain during an injury 
or infection is a major determinant of chronic pain after 
healing has occurred. Patients with post herpetic neu¬ 
ralgia were found more likely to develop persistent pain 
after the infection had healed if they had experienced 
greater activation of their stress-regulation systems, ei¬ 
ther in the acute stage of the illness or over the course 
of the disease, i.e. greater severe pain, nerve infection, 
sensory dysfunction, or immune response (Dworkin and 
Portenoy 1996). 
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Exposure to a variety of types of stressors can evoke 
a complex cognitive, behavioral and physiological re¬ 
sponse. The biological response can have many systemic 
consequences. This, in turn, can trigger, exacerbate, or 
maintain many types of pain. The transition from acute 
to recurrent or chronic pain following repeated expo¬ 
sure to stress is complex and not well documented at 
this point. The biological plausibility of the impact of 
stressors on daily life, and the experience of pain, is 
becoming clearer as models based on physiological and 
biochemical research begin to clarify these pathways. 
The clinical implications of this stress-pain link relates 
to the use of various medications (anti-inflammatories, 
anxiolytics, and anti-depressants), environmental in¬ 
terventions such as modifying work organization, and 
cognitive-behavioral approaches that can help reduce 
pain and/or its impact on function (National Institutes 
of Health 1995). 

The opinions and assertions contained herein are the pri¬ 
vate views of the authors, and are not to be construed as 
being official or as reflecting the views of the Uniformed 
Services University of the Health Sciences or the Depart¬ 
ment of Defense. 
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Stress Headache 

► Headache, Episodic Tension Type 

I- 

Stress-Induced Analgesia 

Definition 

Inhibition of pain by environmental stressors. 

► Pain Modulatory Systems, History of Discovery 

I- 

Stress Management 

► Psychological Treatment of Headache 

► Relaxation Training 

I- 

Stress Metabolism 

► Postoperative Pain, Pathophysiological Changes in 
Metabolism in Response to Acute Pain 

I- 

Stress Profile 

► Psychophysiological Assessment of Pain 

!- 

Stress Response 

Definition 

The cognitive, behavioral and/or physiological changes 
that occur in response to a stressor as the body attempts 
to maintain allostasis. 

► Postoperative Pain, Pathophysiological Changes in 
Neuro-Endocrine Function in Response to Acute 
Pain 

► Stress and Pain 

I- 

Stressor 

Definition 

A stimulus of a physical (i.e. frequent lifting) or psycho¬ 
logical (i.e. time demands at work) nature that disrupts 
the body’s allostatic balance. 

► Stress and Pain 
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I- 

Stretching 

Robert D. Herbert 
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Definition 

Stretching involves positioning a joint or joints so that 
muscles or other structures are placed under passive 
tension. Stretches may be brief and repetitive (dynamic 
stretching) or sustained (static stretching). The mus¬ 
cles may remain relaxed as they are stretched (passive 
stretching) or agonist or antagonist muscles may be 
made to actively contract (active stretching). 

Characteristics 

Physiotherapists, chiropractors and osteopaths (collec¬ 
tively referred to here as manual therapists) often stretch 
soft tissues. The purpose may be to prevent or treat stiff 
joints (adaptive shortening of soft tissues that prevents 
normal joint motion) or to prevent or treat pain. This 
essay is concerned with the use of soft tissue stretching 
to prevent or treat pain of presumed musculoskeletal 
origin. 

A cursory inspection of the literature reveals a remark¬ 
able diversity in proposed indications for therapeutic 
stretching of muscles. Equally remarkable is the diver¬ 
sity of theories about mechanisms by which stretching 
is thought to produce its therapeutic effects. Establish¬ 
ing the effect of muscle stretching is difficult because 
most research has investigated stretching as part of 
a combination of therapies, an approach that reflects 
contemporary clinical practice. 

This essay will consider three putative indications for 
stretching muscles, treatment of musculoskeletal pain, 
prevention and treatment of malalignment syndromes 
and prevention of delayed onset muscle soreness. These 
indications were chosen because they provide scenarios 
where stretching is used as the main or sole component 
of therapy. 

Treatment of Musculoskeletal Pain 

A range of conditions is associated with pain of pre¬ 
sumed musculoskeletal origin. One school of thought 
holds that a prevalent cause of pain is the ► myofascial 
pain syndrome, characterised by the presence of 
► trigger points, focal muscle lesions tender to pal¬ 
pation (Travell and Simons 1983). Trigger points are 
thought to be regions of muscle containing sensitised 
nerve fibres (Hong and Simons 1998; Travell and Si¬ 
mons 1983). 

Trigger point therapists stretch muscles because they be¬ 
lieve that stretching “inactivates” trigger points and re¬ 
lieves pain (Travell and Simons 1983). A popular tech¬ 
nique (► spray and stretch) involves first spraying the 


skin overlying the muscles with a vapocoolant spray to 
produce a superficial local anaesthesia. But soft tissue 
stretching is not solely the domain of trigger point ther¬ 
apy; manual therapists who do not subscribe to the trig¬ 
ger point theory may also stretch soft tissues to relieve 
pain. 

There have been relatively few randomised investi¬ 
gations of stretching for treatment of pain. Hou and 
colleagues (2002) randomly allocated 31 subjects with 
active trigger points in the upper trapezius muscle to 
receive either spray and stretch or a control condi¬ 
tion. Pain levels were measured immediately after the 
stretch. The effect of spray and stretch procedures was 
to reduce pain by approximately one-third of initial 
levels. This study shows that spray and stretch produces 
an immediate reduction in pain, but it is not clear if 
the effects are sustained, or whether the effects are 
due to the spray or the stretch. Khalil et al. (1992) 
randomly allocated 28 subjects with low back pain 
to receive four sessions of muscle stretching over a 
2 week period or a control condition. All subjects had 
been diagnosed with myofascial syndrome. After the 
last stretching session, subjects reported mean pain 
levels (in cm on a 10 cm VAS scale) of 5.3 (SD 2.0) 
in the control group and 1.6 (1.4) in the treated group, 
suggesting that stretching reduced pain by 3.7 cm on 
a 10 cm VAS scale. Again, it is not clear if this effect 
was sustained for a clinically useful duration. Hanten 
and colleagues (2000) randomised 40 subjects with 
trigger points in the neck or back to receive either 
self-administered pressure and stretch treatment (10 
sessions over 5 days) or a control condition. They mea¬ 
sured pain levels 2 days after the last treatment and 
found modest reductions in pain (VAS pain 1.3 cm (SD 
1.6) compared to 2.5 cm (SD 2.1)). Together these stud¬ 
ies provide some evidence that stretching can produce 
short-term reductions in pain of people with myofascial 
pain syndromes. 


Mainstream medical texts often label conditions such 
as tendinoses, periostitis, stress fractures, compart¬ 
ment syndromes, impingement syndromes and even 
osteoarthritis as diseases of “overuse”. Historically 
there has been little attempt to distinguish why some 
people develop a particular condition while others, 
even those who experience high degrees of use, do 
not. 

A view held by many manual therapists is that the 
causes of some musculoskeletal pain conditions can be 
understood in biomechanical terms. According to this 
view, abnormalities of body alignment place excessive 
stresses on specific anatomical structures, causing pain. 
Thus, it is believed, particular pain conditions can be 
prevented or treated by altering body alignment. Thera¬ 
pists who hold to this view assess body alignment with 
an aim to identifying ► malalignment syndromes. In- 
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tervention often involves stretching muscles, provision 
of orthoses or splints or specific exercises to correct the 
malalignment. 

One example may suffice. Various lower limb condi¬ 
tions, such as plantar fasciitis, are thought to be due 
to tightness of the soleus muscle (Pfeffer et al. 1999). 
Thus patients with plantar fasciitis may be advised 
to perform “heel cord stretches” (self-administered 
calf muscle stretches) or to wear night splints that 
stretch the ankle into dorsiflexion. The expectation is 
that stretching of calf muscles will cause the rearfoot 
to be less supinated, causing less stress on painful 
structures and less pain. Similar theories are used 
to explain other sorts of foot pain, as well as back 
and neck pain, shoulder pain and knee pain. Manual 
therapists may stretch muscles to treat any of these 
conditions. If interventions such as muscle stretching 
are to be generally effective in preventing and treating 
pain due to malalignment, then there must be a strong 
causal relationship between body alignment and the 
development of pain. To what extent is this condition 
satisfied? 

It is difficult to establish if there is a causal relationship 
between body alignment and the development of pain. 
The only satisfactory approach involves prospective 
monitoring of large cohorts, using multivariate statis¬ 
tical techniques to control for potentially confounding 
factors. The largest studies investigating the relation¬ 
ship between body alignment and development of low 
back pain (Bigos et al. 1992; Diek et al. 1985) found no 
association, suggesting that body alignment does not 
have an important influence on risk of developing back 
pain. Some relatively small studies have investigated 
the relationship between lower limb alignment and risk 
of lower limb overuse injuries and these studies provide 
inconsistent evidence of a relationship (e g. Cowan et al. 
1996; Wen et al. 1998). It has not been established if the 
observed relationship between lower limb alignment 
and subsequent development of painful overuse injuries 
in the lower limb is causal. 

Many studies have investigated the effects of stretching 
as part of a combination of therapies. For example, 
stretching has been incorporated into many exercise 
programs that have been shown to be effective for 
reducing back pain, neck pain or pain due to hip or 
knee osteoarthritis. This makes sense because it is 
not usual clinical practice to apply stretch as a sole 
treatment for musculoskeletal pain. Nonetheless it 
is difficult to extract effects of stretching from other 
components of exercise programs. The few studies 
that specifically examined effects of muscle stretching 
on musculoskeletal pain were trials designed to see if 
night splints (which provide a sustained stretch to the 
calf muscles) can reduce pain in plantar fasciitis. The 
three relevant trials provide only limited support for the 
effectiveness of night splints (Crawford and Thomson 
2003). 


Muscle Soreness 

Unaccustomed exercise can produce muscle soreness 
that develops 1 or 2 days after the exercise is completed. 
This type of muscle soreness is called ► delayed-onset 
muscle soreness. Many people stretch before or after 
exercise in the belief that this will prevent or minimise 
delayed-onset muscle soreness. The origin of the belief 
that stretching of muscles can prevent muscle soreness 
may lie with physiological studies conducted in the 
1960s. De Vries (1966) hypothesised that unaccus¬ 
tomed exercise induced muscle spasm. He believed that 
spasm impaired blood flow, causing ischaemic pain 
and further spasm (the pain-spasm-pain cycle) and that 
stretching interrupted this cycle. De Vries’ early model 
of the pain-spasm-pain cycle was probably a precursor 
of the contemporary theories about mechanisms of 
trigger points. 

The spasm theory of muscle soreness is almost certainly 
wrong. Moderate isometric muscle contractions are re¬ 
quired to prevent blood flow to muscles, but sore muscles 
do not exhibit this level of spasm and may not exhibit 
any increase in resting activity (Bobbert et al. 1986). In¬ 
stead it is likely that muscle soreness is caused by a se¬ 
ries of events beginning with damage to the contractile 
elements in muscle fibres (Proske and Morgan 2001). 
This mechanism leaves little room for a role of stretch¬ 
ing. 

What evidence is there that stretching before or after un¬ 
accustomed exercise prevents or reduces delayed onset 
muscle soreness? A systematic review of the relevant lit¬ 
erature identified five randomised studies of the effects 
of stretching on muscle soreness (Herbert and Gabriel 
2002). Three studies evaluated stretching after exercis¬ 
ing, and two evaluated stretching before exercising. As 
there was no evidence of heterogeneity in the outcomes 
of the studies, the findings of all studies were combined 
in a meta-analysis. The pooled estimate of the mean ef¬ 
fect of stretching on muscle soreness 48 h after exercis¬ 
ing was just 0.3 mm (95% Cl -4.0 mm to 4.5 mm) on 
a 100 mm scale, where negative values indicate a ben¬ 
eficial effect of stretching. These data clearly indicate 
that stretching before or after exercise does not produce 
worthwhile reductions in muscle soreness. 

Conclusion 

A number of theories have been put forward about how 
stretching could prevent or treat pain. Stretch has been 
used to reduce pain of presumed musculoskeletal origin 
and there is some evidence from several small studies 
that these techniques are helpful. Many therapists stretch 
muscles to correct postural malalignment thought to 
cause overuse injury, but there is little evidence of a 
causal relationship between abnormal alignment and 
development of overuse injury and the few relevant 
trials are equivocal. The practice of stretching immedi¬ 
ately before or after exercise does not prevent delayed 
onset muscle soreness. 
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I- 

Stria Terminalis (ST) 


Definition 

A curved fiber bundle that accompanies the caudate nu¬ 
cleus and reciprocally connects the amygdala and the 
medial hypothalamus. 

► Nociceptive Processing in the Amygdala, Neurophys¬ 
iology and Neuropharmacology 


I- 

Stroke 


Definition 

A sudden disruption of blood flow to the brain, either by 
a clot or a leak in a blood vessel. 

► Central Pain, Outcome Measures in Clinical Trials 

► Headache Due to Arteritis 


I- 

Structural Lesion 

Definition 

In relation to low back pain, a structural lesion is an ab¬ 
normality in the structure of the spine that is thought 
to cause an individual’s back pain. Many physicians as¬ 
sume that the most appropriate strategy for treating low 
back pain is to identify and correct the structural lesion 
underlying it. 

► Compensation, Disability and Pain in the Workplace 

► Disability, Effect of Physician Communication 

I- 

Struggle 

Definition 

Struggle is a centrally processed reaction (the rat at¬ 
tempts to escape). 

► Randall-Selitto Paw Pressure Test 

I- 

Strychnine 

Definition 

Strychnine is a blocker of inhibitory glycine receptors. 

► GABA and Glycine in Spinal Nociceptive Processing 

I- 

STT 

► Spinothalamic Tract 

I- 

Stump Pain 

Definition 

Stump pain is a normal consequence of amputation 
surgery. In most patients, stump pain subsides within a 
week after amputation, but 5-10% of patients continue 
to have severe pain localized to the amputation stump. 
Pain may be accompanied by sensory disturbances such 
as allodynia and hyperalgesia. Chronic stump pain may 
be difficult to treat. 

► Postoperative Pain, Postamputation Pain, Treatment 
and Prevention 

I- 

Subacute Pain 

► Acute Pain, Subacute Pain and Chronic Pain 

► Postoperative Pain, Persistent Acute Pain 
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I- 

Subarachnoid Drug Administration 

► Postoperative Pain, Intrathecal Drug Administration 

I- 

Subarachnoid Space 

Definition 

The space between the arachnoidea and pia mater 
membranes surrounding the spinal cord, traversed by 
delicate fibrous trabeculae and filled with cerebrospinal 
fluid. This space is especially large around the lumbar 
level of the human spinal cord. 

► Cell Therapy in the Treatment of Central Pain 

I- 

Subarachnoid/Spinal Anesthesia 

Definition 

A form of regional anesthesia that involves the injec¬ 
tion of anesthetic into the cerebrospinal fluid (CSF), at a 
predetermined space along the spinal canal, to produce 
anesthesia to all body regions that are supplied by nerves 
that arise below the anatomic region of the block. 

► Epidural Infusions in Acute Pain 

I- 

Subchondral Bone 

Definition 

A portion of bone that lies beneath the cartilage, typically 
the ends of bones that form joints. 

► Arthritis Model, Osteoarthritis 

I- 

Subclinical Forehead Sweating 

Definition 

Subclinical Forehead Sweating refers to increased 
sweating not evident by observation. 

► Sunct Syndrome 

I- 

Subcutaneous Mechanoreception 

Definition 

Subcutaneous Mechanoreception refers to neuronal re¬ 
sponses to mechanical stimuli impacting tissue under the 
skin, which is transduced by specialized receptive end¬ 
ings of afferent nerve fibers. 

► Postsynaptic Dorsal Column Projection, Anatomical 
Organization 


I- 

Subdural 

Definition 

The area between the dura mater and the arachnoid 
mater. 

► Epidural Infusions in Acute Pain 

I- 

Subdural Drug Pumps 

► Pain Treatment, Implantable Pumps for Drug Deliv¬ 
ery 

I- 

Subdural Hematoma 

► Headache Due to Intracranial Bleeding 

I- 

Subject Weights 

Definition 

Subject weights are the coordinates of an individual in 
the source space with respect to the dimensions found 
in the group stimulus space. 

► Multidimensional Scaling and Cluster Analysis Ap¬ 
plication for Assessment of Pain 

I- 

Subjective Factors 

Definition 

Subjective factors are individual’s experiences that 
make it difficult for them to carry out various activities. 
Since examiners cannot directly observe subjective 
factors, they must rely on reports by claimants about 
them. 

► Impairment, Pain-Related 

I- 

Subjective Judgment 

Definition 

Conclusions drawn about another’s pain based on per¬ 
sonal feeling or interpretation; not objective. While it is 
impossible to avoid subjective judgment entirely, it can 
be minimized through the use of standardized and val¬ 
idated pain assessment tools. 

► Pain Assessment in Neonates 
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I- 

Subjective Pain Experience 

Definition 

The multidimensional perceptual qualities that are cat¬ 
egorized by people as pain. 

► McGill Pain Questionnaire 

I- 

Sublenticular Extended Amygdala 

Synonyms 

SLEA 

Definition 

Neurons that represent an extension of the central and 
medial nucleus of the amygdala. 

► Amygdala, Functional Imaging 

I- 

Subliminal Receptive Fields 

Definition 

Receptive fields detected after removal of dominant in¬ 
puts to the neuron. 

► Thalamic Plasticity and Chronic Pain 

I- 

Submaximum Effort Tourniquet 
Technique 

► Tourniquet Test 

I- 

Subnucleus Caudalis and Interpolaris 

Definition 

The two most caudal subnuclei of the trigeminal sen¬ 
sory nuclear complex. The subnucleus caudalis is a 
laminated structure that resembles the dorsal horn of 
the spinal cord. Integrative processing of nociceptive 
input from facial cutaneous and deep orofacial tissues 
principally occurs in the subnucleus caudalis. For these 
reasons, the subnucleus caudalis is often referred to as 
the medullary dorsal horn. 

► Nociceptors in the Orofacial Region (Temporo¬ 
mandibular Joint and Masseter Muscle) 

I- 

Subnucleus Reticularis Dorsalis 

Synonyms 

SRD 


Definition 

These neurons selectively convey nociceptive informa¬ 
tion from all parts of the body to the thalamacortical sys¬ 
tem. 

► Spinothalamocortical Projections to Ventromedial 
and Parafascicular Nuclei 

I- 

Subnucleus Reticularis Ventralis 

Definition 

The ventral portion of the subnucleus reticularis dorsalis 
(SRD). 

► Brainstem Subnucleus Reticularis Dorsalis Neuron 


I- 

Substance Abuse 

Definition 

The intentional misuse of a medication; either over-use 
or taken for a purpose not prescribed (i.e. mood alter¬ 
ation). 

► Cancer Pain, Evaluation of Relevant Comorbidities 
and Impact 

► Opioid Therapy in Cancer Patients with Substance 
Abuse Disorders, Management 

I- 

Substance P 


Substance P is an 11 amino acid neuropeptide that is 
a member of the tachykinin neuropeptide family and 
funtctions as a neurotransmitter and neuromodulator. It 
is present in both primary afferent neurons and in neu¬ 
rons within the spinal cord and higher brain levels. The 
endogenous receptor for substance P is the neurokinin 1 
receptor, a G-protein coupled receptor. Release of sub¬ 
stance P from peripheral terminals of DRG neurons is 
a major mediator of neurogenic inflammation, causing 
vasodilation of blood vessels, plasma extravasation and 
degranulation of mast cells. Release of substance P from 
central terminals contributes to enhanced function of 
nociceptive spinal cord neurons, in part by facilitating 
the actions of glutamate at the N-Methyl-D-Aspartate 
(NMDA) receptor. 

► Alternative Medicine in Neuropathic Pain 

► Fibromyalgia 

► Immunocytochemistry of Nociceptors 

► Neuropeptide Release in the Skin 

► Nociceptor, Categorization 

► Opioids in the Periphery and Analgesia 

► Opioid Modulation of Nociceptive Afferents In Vivo 
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► Somatic Pain 

► Spinomesencephalic Tract 


I- 

Substance P Regulation in Inflammation 

Janet Winter 

Novartis Institute for Medical Science, London, UK 
janet.winter@novartis.com 

Synonyms 

Substance P Tachykinin; neurokinin; NK 

Definition 

Substance P is an eleven amino acid neuropeptide asso¬ 
ciated with pain transmission and is expressed at high 
levels in ► dorsal root ganglia and in sensory afferent 
terminals in the spinal cord, as well as in the sensory 
innervation of peripheral tissues such as skin and vis¬ 
cera. Electrical stimulation causes release of substance 
P from spinal cord, but it can also be released from pe¬ 
ripheral endings; in fact the majority of this neuropeptide 
is transported peripherally, not centrally from the DRG. 
Peripheral release of substance P is thought to have a 
pro-inflammatory role (neurogenic inflammation). 

Characteristics 
Peptide Family 

Substance P is part of the tachykinin family along with 
neurokinin A and neurokinin B; all share the same car- 
boxy terminal sequence (Phe-X-Gly-Leu-X-NPU), see 
Table 1. 


There are 3 genes encoding tachykinins, PPT-A (prepro¬ 
tachykinin-A), PPT-B and PPT-C. Mamm a lian sub¬ 
stance P is encoded by the PPT-A gene (Severini et 
al. 2002). This gene also encodes other tachykinins, 
including NKA and the two N terminally extended 
forms of NKA, neuropeptide K (NPK) and neuropep¬ 
tide y (NPy). NKB is derived from a separate gene, 
PPT-B. The endokinins are encoded by PPT-C. There 
are 4 splice variants of PPT-A, (cx(iy8) with p PPT-A 
mRNA containing all seven exons of the corresponding 
gene. Substance P can be expressed alone (ah), whereas 
NKA expression is always accompanied by substance 
P expression (py). 

In neurones, substance P is released from its precursor 
(preprotachykinin) by the action of converting enzymes 
and is then COOH- terminally amidated, packed into 
storage vesicles and transported to terminals for final en¬ 
zymatic processing. 

Substance P is expressed predominantly in the nervous 
system (although other tissue types have recently been 
shown to express it, e.g. endothelial cells, inflammatory 
cells, airway smooth muscle cells etc.). All vertebrate 
tissues are innervated by networks of tachykinergic fi¬ 
bres. Some of the new members of the tachykinin family, 
the hemokinins and endokinins are primarily expressed 
in non-neuronal tissues. 

► Neuron restrictive silencer factor (NRSF) is a repres¬ 
sor that is predominantly expressed in non-neuronal 
cells. NRSF silences neuronal genes in non-neuronal 
cells by binding to the NRSE (neurone restrictive si¬ 
lencer element) motif. These neuronal genes include 
type II sodium channel, synapsin 1, M4 muscarinic 
acetylcholine receptor and certain adhesion molecules. 
The NRSE motif is also found at the major transcrip- 


Substance P Regulation in Inflammation, Table 1 Amino acid sequence of mammalian tachykinins 


1 tachykinin 

sequence 1 

Substance P 

Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH2 

Neurokinin A 

His-Lys-Thr-Asp-Ser-Phe-Val-Gly-Leu-Met-NH2 

Neurokinin B 

Asp-Met-His-Asp-Phe-Phe-Val-Gly-Leu-Met-NH2 

Hemokinin-1 (m/r) 

Arg-Ser-Arg-Thr-Arg-Gln-Phe-Tyr-Gly-Leu-Met-NH2 

Hemokinin-1 (h) 

Thr-Gly-Lys-Ala-Ser-Gln-Phe-Phe-Gly-Leu-Met-NH2 

Endokinin A and B 1 

-Gly-Lys-Ala-Ser-Gln-Phe-Phe-Gly-Leu-Met-NH2 

C14TKL-1 2 

Arg-His-Arg-Thr-Pro-Met-Phe-Tyr-Gly-Leu-Met-NH2 

Virokinin (viral origin) 

Gly-lle-Pro-Glu-Leu-lle-His-Tyr-Thr-Arg-Asn-Ser-Thr-Lys-Lys-Phe-Tyr-Gly-Leu-Met-NH2 

Tachykinin gene-related peptides 

Endokinin C 

Lys-Lys-Ala-Tyr-Gln-Leu-Glu-His-Thr-Phe-Gln-Gly-Leu-Leu-NH2 

Endokinin D 

Val-Gly-Ala-Tyr-Gln-Leu-Glu-His-Thr-Phe-Gln-Gly-Leu-Leu-NH2 


1 The C-terminal decapeptidic fragment common to endokinin A (47 amino acids) and endokinin B (41 amino acids) is shown. 2 Chromosome 14 
tachykinin-like peptide 1. m/r; mouse/rat:; h, human. Modified from (Patacchini et al. 2004) 
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tional start site of the PPT-A gene, and when promoter 
constructs expressing NRSF are introduced into cul¬ 
tured DRG neurones, there is a marked down-regulation 
of PPT-A transcription (Quinn et al. 2002). This im¬ 
portant silencer may therefore be responsible for the 
inhibition of expression of substance P in non-neuronal 
cells in normal tissues. 

Receptors 

Substance P and the other tachykinins act via G protein 
coupled, 7 transmembrane domain, neurokinin (NK) 
receptors (Severini et al. 2002). There are (at least) 3 
of these, NK1, NK2 and NK3, with highest affinities 
for substance P, NKA and NKB respectively, although 
endogenous tachykinins are not highly selective and 
can act at all 3 receptors under certain conditions. A 
multistate model of GPCR activation has been proposed 
whereby ligands can specifically stabilize receptor con¬ 
formations, enabling one receptor to activate one or 
more G proteins in a ligand specific manner. 

The main substance P receptor, NK1, will be described 
here. NK1 is a single copy gene (mapped to human chro¬ 
mosome 2) that has a high degree of sequence homology 
between species. There is a cAMP/calcium response el¬ 
ement in the 5’ untranslated region. 

Recent papers suggest that NK1 receptors are expressed 
both on DRG neurones and terminals and postsynapti- 
cally in the spinal cord. Presence on DRG neurones sug¬ 
gests that substance P may regulate its own release. Fol¬ 
lowing substance P application, either exogenously ap¬ 
plied to the spinal cord or released from afferent termi¬ 
nals during intense stimulation, there is a dramatic in¬ 
ternalisation of NK1 receptor expressed on dorsal horn 
lamina I neurones from the usual cell membrane local¬ 
isation. Substance P sensitises NMDA receptors in the 
spinal cord. 

However, this review will focus on the peripheral roles 
of substance P and NK1 in inflammation. 


► Neurogenic inflammation is the collective term for 
the effects produced by neuropeptides released from 
(mainly capsaicin-sensitive) sensory neurones and 
include vasodilatation (flare), plasma protein extrava¬ 
sation (PPE) and leukocyte adhesion to vascular en¬ 
dothelial cell receptors (Patacchini et al. 2004; Severini 
et al. 2002). 

In the skin, some substance P positive terminals are 
found near the epidermal basal membrane, but the ma¬ 
jority innervate blood vessels. Substance P released 
from cutaneous sensory nerves binds to NK1 recep¬ 
tors on endothelial cells, resulting in plasma leakage 
and increased blood flow, dilatation of the arteriole 
(although CGRP is probably the main vasodilator re¬ 
leased) and wheal and flare (Brain and Williams 1988; 
Holzerl998, Green et al. 1992). Substance P can also 
cause itch. These outcomes are due, not only to direct 


action of substance P on blood vessels, but also indi¬ 
rectly to mast cell activation. Substance P released by 
neurogenic inflammation can also promote angiogen¬ 
esis via NK1 receptors (Seegers et al. 2003). Vascular 
responses to substance P in the skin are very species 
dependent, however. These proinflammatory actions 
of substance P may potentiate nociceptive responses, 
although neurogenic inflammation alone evoked by 
antidromic stimulation of primary afferents is not suffi¬ 
cient to sensitize nociceptor terminals in vivo, at least 
acutely. 

Mice with a targeted disruption of either the PPT-A gene 
or the NK1 receptor gene show a complex pattern of re¬ 
sponses to noxious stimuli. PPT-A -/- mice which lack 
substance P (SP) and neurokinin A (NKA), exhibit re¬ 
duced behavioral responses to intense somatic stimuli, 
but the behavioral hypersensitivity following injury is 
unaltered. From NK1 -/- mice studies, it seems that NK1 
receptors have an essential role in mediating central no¬ 
ciceptive and peripheral inflammatory responses to nox¬ 
ious stimuli that provoke neurogenic inflammation (e.g. 
carageenan), but no role in non -neurogenic stimuli (such 
as turpentine or ► CFA). A much higher percentage of 
visceral (80%) than skin (25%) afferents express sub¬ 
stance P and NK1 -/- mice show profound deficits in 
spontaneous behavioural reactions to an acute visceral 
chemical stimulus (intracolonic capsaicin) and fail to de¬ 
velop referred hyperalgesia or tissue oedema. However, 
responses (hyperalgesia and oedema) to mustard oil are 
intact. Two separate hyperalgesia pathways may exist, 
one that is NK1 receptor dependent and one that is inde¬ 
pendent (Laird et al. 2000). The lack of neurogenic in¬ 
flammation in NK1 -/- mice probably does not account 
for the blunted pain response and lack of hyperalgesia, 
as NK1 antagonists that do not cross the blood-brain bar¬ 
rier do not affect behavioural nociceptive responses to 
capsaicin or formalin, but completely block neurogenic 
inflammation. 

In the periphery, density of substance P fibres inner¬ 
vating skeletal muscle increases in inflammation and 
substance P expression and transport down the sci¬ 
atic nerve increases following inflammation of the hind 
paw, though substance P expression in the paw declines, 
probably due to decreased storage and increased release. 
NGF may be an important factor in regulation of sub¬ 
stance P in inflammation (Woolf 1996). NGF produced 
in peripheral targets is ► retrogradely transported to the 
cell bodies of sensory neurones innervating that tissue, 
where it can regulate substance P production. NGF 
injection into the paw can cause increase in substance 
P and hyperalgesia. Anti-NGF can block the in vivo 
inflammation-induced increases in substance P as well 
as hyperalgesia. Substance P injection or neurogenic 
inflammation activates NK1 receptors on keratinocytes 
and causes increased NGF production, which is blocked 
by an NK1 receptor antagonist (Amann et al. 2000). 
So substance P induced NGF up-regulation can feed- 
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back to further increases in substance P production. 
After inflammation, there is a phenotypic switch so that 
some of the large A fibres now also express substance 
P (Woolf 1996). These may be A fibre nociceptors. 
Substance P receptors are expressed on sensory fibres 
innervating skin (Ruocco et al. 2001) and are also up- 
regulated in inflamed tissues. The proportion of NK 1 " 
expressing sensory fibres in the ► glabrous skin of 
the hindpaw increases 2 days after CFA inflammation 
(Coggeshall and Carlton 2003). PGE2 (prostaglandin 
E2) production increases in inflammation and may in¬ 
fluence NK1 expression levels; NK1 receptor levels are 
up-regulated by PGE2 in adult sensory neuron cultures. 
There is also a probable role for substance P in inflamma¬ 
tion in man, where psoriatic skin shows a large increase 
in substance P and other neuropeptides and an increase in 
substance P receptors. In the clinic, levels of substance 
P in dental pulp tissue increased in patients with irre¬ 
versible ► pulpitis (Bowles et al. 2003). 

Antagonists 

NK1 antagonists can inhibit PPE and oedema in rodent 
skin. They are also potent anti-hyperalgesics in animal 
models of inflammation and neuropathic pain (Camp¬ 
bell et al. 2000). In the clinic, an NK1 antagonist was 
effective for acute pain following dental surgery; how¬ 
ever, clinical trials of NK1 antagonists in chronic pain 
have failed to exhibit efficacy (Hill 2000). No clinical 
trials have yet been carried out on visceral pain, where 
NK1 antagonists may be more effective (Laird 2001); 
antagonists acting at visceral afferents have been effec¬ 
tive in the clinic against nausea and vomiting. 
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I- 

Substantia Gelatinosa 


Synonyms 

Rexed’s Lamina II 

Definition 

A narrow, dense, vertical band of gelatinous grey mat¬ 
ter forming the dorsal part of the posterior horn of the 
spinal cord, and serving to integrate the sensory stimuli 
that give rise to the sensations of heat and pain. It is also 
referred to as Rexed’s lamina II. Many afferent synapse 
on the second order neuron here. 

► Nociceptor, Categorization 

► Opioid Therapy in Cancer Pain Management, Route 
of Administration 

► Psychiatric Aspects of Visceral Pain 

► Somatic Pain 

► Visceral Nociception and Pain 

I- 

Substantial Gainful Activity 

Definition 

Work that involves doing significant and productive 
physical or mental duties, which is done (or intended) 
for pay or profit. Work may be substantial even if done 
on a part-time basis or if the person does less, gets 
paid less, or has less responsibility than when he or she 
worked before. 

► Disability Evaluation in the Social Security Admin¬ 
istration 
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I- 

Sudeck’s Atrophy 

► Complex Regional Pain Syndromes, General Aspects 

► Neuropathic Pain Models, CRPS-I Neuropathy 
Model 

I- 

Sudomotor 

Definition 

Regulation of sweat secretion (perspiration) is one of the 
functions of the sympathetic nervous system. This func¬ 
tion is known as sudomotor function. Abnormalities in 
sudomotor function may lead to either excessive sweat¬ 
ing (hyperhidrosis) or decreased or absent sweating (an¬ 
hidrosis). Such abnormalities may be seen in patients 
with CRPS and in patients with diabetic neuropathy. 

► Sympathetically Maintained Pain in CRPS II, Human 
Experimentation 

I- 

Sudomotor Dysfunction 

Definition 

Affecting the sweating-mechanisms. 

► Causalgia, Assessment 

I- 

Sudomotor Function 

Definition 

Evaluated by: 

1. ) Resting sweat output of non-stimulated skin. 

2. ) Quantitative sudomotor axon reflex test (QSART). 
Measures the sympathetic response to a somatic stim¬ 
ulus (electrical current); and the axon reflex sweat 
response provoked by cutaneous application of acetyl¬ 
choline. 

► Postoperative Pain, Acute Presentation of Complex 
Regional Pain Syndrome 

I- 

Suffering 

Definition 

Suffering is the clash arising from an attack to our per¬ 
son’s integrity, to its desire of happiness and health, pro¬ 
duced or not produced by pain. 

► Cancer Pain Management, Interface Between Cancer 
Pain Management and Palliative Care 

► Ethics of Pain in the Newborn Human 


I- 

Suggestibility 

Definition 

The degree to which in individual is likely to respond to 
suggestion. This may vary within an individual person 
depending upon context and state of mind. Group pres¬ 
sure may increase suggestibility to conform to the mores 
of the group. Hypnosis is considered a state of mind that 
enhances suggestibility. 

► Therapy of Pain, Hypnosis 

I- 

Sulci 

Definition 

Sulci are grooves on the surface of the brain, often used 
as landmarks to identify areas with a distinct function. 

► Clinical Migraine with Aura 


I- 

Sulfur Bath 

Definition 

Bathing in a sulfur pool heated to 34-37°C. 
► Spa Treatment 

I- 

Sunburn 


S 


Sunburn is a colloquial term for the damage to the skin 
caused by acute over-exposure to ultraviolet light from 
the sun. 

► UV-Erythema, a Model for Inducing Hyperalgesias 

► UV-Induced Erythema 

I- 

Sunburn as a Model of Cutaneous 
Hyperalgesia 

► UV-Induced Erythema 

I- 

Sunct Status 

Definition 

Continuous flow of SUNCT attacks for more than 24 
hours. 

► Sunct Syndrome 















2338 SUNCT Syndrome 


I- 

SUNCT Syndrome 

Juan A. Pareja 

Department of Neurology, Fundacion Hospital 
Alcorcon, Madrid, Spain 
jpg03m@saludalia.com 

Synonyms 

Short-lasting Unilateral Neuralgiform Headache attacks 
with Conjunctival injection and Tearing 

Definition 

The acronym SUNCT (Short-lasting Unilateral Neural¬ 
giform Headache attacks with Conjunctival injection 
and Tearing) (Sjaastad et al. 1989) summarizes the 
clinical features of this syndrome. 

SUNCT (Sjaastad et al. 1989) is a primary disorder 
characterized by intermittent short-lived (10-120 s), 
moderate to severe, paroxysms of orbital/periorbital 
pain, accompanied by ipsilateral, rapidly developing, 
dramatic, conjunctival injection and lacrimation. Less 
frequently there may also be rhinorrhea or nasal stuffi¬ 
ness. Attacks are usually precipitated from trigeminal 
and extratrigeminal innervated areas. 

Characteristics 

SUNCT is a male predominant disorder, with the mean 
age of onset around 50 years (Matharu et al. 2003; Pareja 
and Sjaastad 1997). Although available epidemiological 
data is lacking, the low number of reported cases indi¬ 
cates it is a rare disorder. 

Localization 

Symptoms and signs are strictly unilateral, gener¬ 
ally with the pain persistently confined to the ocu¬ 
lar/periocular area (Pareja and Sjaastad 1997; Sjaastad 
et al. 1989). An occasional spread beyond the midline, 
or a co-involvement of the opposite side, has been 
observed in SUNCT (Matharu et al. 2003; Pareja and 
Sjaastad 1997), with the pain still predominating in the 
originally symptomatic side. Shifting side attacks have 
been reported in two patients (e.g. Matharu et al. 2003). 

Intensity and Character of Pain (Intensity of Pain) 

Most attacks are characterized by moderate to severe 
pain. Excruciatingly severe pain (► excruciating pain) 
is rarely reported. The pain is frequently described as 
burning, stabbing, or electric in character (Pareja and 
Sjaastad 1997). SUNCT attacks start and cease abruptly. 
The solitary attacks usually have a “plateau-like” pattern 
(Sjaastad e al. 1989), but also other patterns have been 
noted (Pareja and Sjaastad 1994): “repetitive”(short- 
lasting attacks in rapid succession), “saw-tooth-like” 
(and its variant “staccato-like”, in which consecutive 
spike-like paroxysms occur without reaching the pain 


free baseline), and “plateau-like plus exacerbations” 
(admixture of 1-2 s jabs superimposed on top of the 
conventional plateau-like pattern). 

Duration of Attacks 

The mean duration of paroxysms is ca. 1 min, with ausual 
range of 10-120 s. Objectively, measurements of 348 at¬ 
tacks in 11 patients renderedamean duration of 49s, with 
arangeof5-250s(Parejaetal. 1996c). Very rarely, a few 
patients reported relatively long-lasting attacks, lasting 
1-2 h (Pareja et al. 1996b). However, this atypical dura¬ 
tion of SUNCT should be taken as a rare variant since, 
even in these patients, the vast majority of attacks were 
almost invariably typical. 

In between attacks the patients are completely free of 
symptoms. Very rarely, however, patients may report 
very low-grade background pain or discomfort in the 
symptomatic area during symptomatic periods (Pareja 
et al. 1996b). This background pain or discomfort could 
be rather durable, fluctuating or intermittent. 

Temporal Distribution of Attacks 

The attacks predominate during daytime. There seems 
to be a tendency for attacks to occur in the morning and 
afternoon/evening in a bimodal fashion. Nocturnal at¬ 
tacks are rare, but may occur either during the worst pe¬ 
riods or as an occasional feature (Pareja et al. 1996c). The 
reduction in attacks during the night seems to concern 
patients exhibiting both exclusively spontaneous attacks 
and those with mostly precipitated attacks. The reduc¬ 
tion in precipitating stimuli during sleep does, therefore, 
not seem critical for the nocturnal break in the flow of 
attacks. 

The temporal pattern is irregular, with symptomatic pe¬ 
riods, alternating with remissions in an unpredictable 
fashion. Symptomatic periods last from a few days to 
several months, but may persist for up to five years, in 
the exceptional case. Remissions may lastfrom 1 weekto 
several years, but usually last for several months (Pareja 
and Sjaastad 1997; Sjaastad et al. 1989). The chronic 
pattern seems to be much less typical than the remitting 
form in SUNCT (Matharu et al. 2003). During active pe¬ 
riods, the usual frequency of attacks may vary, from a 
few attacks/day to >30 attacks/h (Sjaastad et al. 1989). 
Objective assessment of the frequency of 585 attacks in 
4 patients rendered a mean of 16 attacks per day, with a 
range of 1 to 86 daily (Pareja et al. 1996c). At the peak 
of an attack series, a 1 to 3 day long clinical “status” has 
been witnessed in several patients (Pareja et al. 1996a) 
(► SUNCT status). 

Accompaniments 

Attacks are regularly accompanied by prominent, ip¬ 
silateral conjunctival injection and lacrimation, both 
signs appearing in tandem from the onset of symp¬ 
toms (Pareja and Sjaastad 1997; Sjaastad et al. 1989). 
Rhinorrhea and/or nasal obstruction is found in approx- 
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imately 2/3 of the SUNCT cases (Pareja and Sjaastad 
1997; Sjaastad et al. 1989). In addition there is - sub- 
clinical - increased forehead sweating (► subclinical 
forehead sweating), increased intraocular pressure, 
and corneal temperature (Sjaastad et al. 1992). During 
periods with a marked attack tendency, there may be 
swelling of the eyelids on the symptomatic side owing 
to vascular engorgement and eyelid edema, but such 
► pseudoptosis is not paretic in nature. Otherwise, no 
changes in pupil diameter have been observed (Zhao 
and Sjaastad 1993). 

During SUNCT attacks there may be increased systemic 
blood pressure with heart rate decrement. It has been 
demonstrated during attacks, and less markedly in be¬ 
tween attacks, that SUNCT patients hyperventilate (e.g. 
Pareja and Sjaastad 1997). 

Precipitating Mechanisms 

In SUNCT, numerous mechanical precipitating factors 
within the trigeminal and extratrigeminal areas have 
been described (Pareja and Sjaastad 1997; Sjaastad 
et al. 1989). Although most SUNCT attacks probably 
are precipitated, a minority of patients seemingly may 
exhibit exclusively spontaneous attacks. The appar¬ 
ent spontaneous attacks in genuine SUNCT may have 
“subclinical triggers”. ► Refractory periods that are a 
typical feature of genuine, neuralgic pain seem to be 
lacking in SUNCT patients (Lain et al. 2000; Matharu et 
al. 2003; Pareja and Sjaastad 1994; Pareja and Sjaastad 
1997). 

Symptomatic SUNCT 

In the vast majority of SUNCT cases etiology and patho¬ 
genesis are unknown. Symptomatic SUNCT has been 
described in some patients with documented intracra¬ 
nial structural lesions (Bussone et al. 1991; Matharu 
et al. 2003; Pareja and Sjaastad 1997). The majority 
were posterior fossa disorders, mostly vascular distur¬ 
bances/malformations, either extraaxial (cerebellopon¬ 
tine angle arteriovenous malformations) or intraaxial 
(cavernous angioma of the brainstem, ischemic brain¬ 
stem infarction). Other documented structural lesions 
include: basilar impression associated to osteogenesis 
imperfecta, craneosynostosis, and prolactinomas. A 
single case of SUNCT syndrome associated with mi- 
crovascular compression of the trigeminal nerve, and 
two cases of SUNCT in patients with HIV (one of them 
with a posterior fossa lesion) have also been reported 
(for a complete review see Matharu et al. 2003). Such 
findings make neuroimaging examination of the brain 
mandatory, as part of the diagnostic work-up. 

Treatment 

In SUNCT, there is a lack of persistent, convincingly 
beneficial effect of drugs or anesthetic blockades gen¬ 
erally effective in cluster headache (CH), chronic 
paroxysmal hemicrania (CPH), trigeminal neuralgia, 


primary stabbing headache (PSH), and other headaches 
more faintly resembling SUNCT (Matharu et al. 2003; 
Pareja and Sjaastad 1997). Single reports have claimed 
thatcarbamazepine, lamotrigine (D’Andrea etal. 2001), 
gabapentin, topiramate, or surgical procedures may be 
of help. Absolute improvement of a symptomatic form 
of SUNCT after surgical removal of a cerebellopontine 
vascular malformation (Bussone et al. 1991) may in¬ 
dicate that excitation of the trigeminal nerve by such a 
structural disorder may be pathogenetically important. 
Conversely, such a posterior fossa intervention may 
just simply have removed hidden intracranial triggers 
(► hidden triggers). 

Improvement of symptoms have been reported in a few 
cases by invasive procedures such as percutaneous, 
symptomatic side trigeminal ganglion compression, 
microvascular decompression of the trigeminal root 
(Jannetta procedure), retrogasserian glycerol rhizolisis, 
ballon compression of the trigeminal nerve root, or 
local opioid blockade of the superior cervical ganglion. 
It should be mentioned that the long-term outcome 
of some of these patients is unknown. However, neg¬ 
ative results of several surgical procedures such as 
glycerol rhyzotomy, gammaknife radiosurgery, and 
microvascular decompression of the trigeminal nerve, 
have also been reported. Therefore, at this stage of de¬ 
velopment, surgical treatment of SUNCT has not been 
sufficiently validated (Matharu et al. 2003; Pareja et al. 
2002) 

Differential Diagnosis 

SUNCT syndrome should mainly be considered when 
encountering a case of orbital/periorbital pain with 
prominent autonomic accompaniments and/or when 
the orbital pain paroxysms are short-lasting. The dif¬ 
ferential diagnostic possibilities seem to be limited, 
and mainly consist of CH, CPH, first branch (V-l) 
trigeminal neuralgia, and PSH. 

Diagnostic criteria of SUNCT Syndrome (The Inter¬ 
national Headache Society Classification, 2 nd edn, in 
press): 

a) Attacks of unilateral orbital, supraorbital, temporal, 
stabbing, or throbbing pain lasting from 5-240 s. 

b) Attack frequency from 3 to 200 daily 

c) Pain is accompanied by ipsilateral conjunctival injec¬ 
tion and lacrimation 

d) Not attributed to another disorder 

e) At least 20 attacks that fulfill A through D 

SUNCT syndrome differs clearly from CH as regards 
a number of clinical variables such as duration, in¬ 
tensity, frequency, and nocturnal preponderance of 
attacks. The two syndromes also differ markedly as 
regards precipitation of attacks, the usual age of onset, 
and efficacy of various treatment alternatives. Lab¬ 
oratory investigations have disclosed differences as 
regards presence/absence of Horner-like picture. All 
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SUNCT Syndrome, Table 1 CPH and SUNCT syndrome. Differences 



CPH 

SUNCT | 

Sex predominance 

Female 

Male 

Usual age of onset 

<40 years 

>40 years 

Duration of attacks 

2-30 min. 

10—120 S 

Severity of pain 

Excruciating 

Moderate-severe 

Frequency of attacks 

Above 5/day (up to 30/day) 

16 (1 —86)/day 
(up to 30/h) 

Nocturnal attacks 

Frequent 

Very rare 

Mechanical precipitation of attacks 

Infrequent 

Frequent 

Response to indomethacin 

Absolute 

None 


In a minority (12%) of CPH patients attacks may be precipitated by neck movements 

Modified from: Pareja JA, Caminero AB, Sjaastad 0. SUNCT syndrome. Diagnosis and treatment. CNS Drugs 2002; 16:373-383 (Pareja et al. 2002) 


in all, these differences seem sufficiently ponderous to 
make it likely that SUNCT syndrome and CH differ 
essentially. 

SUNCT and PSH are topographically antagonistic 
in that SUNCT is typically confined to the same or- 
hital/periorbital localization, whereas PSH is char¬ 
acterized by a multidirectional, chaotic, sequence of 
paroxysms. Such a lack of topographic organization of 
the symptoms could be the expression of a presumed 
multi-origin, most probably in the terminal sensitive 
fibers of the pericranial nerves. However, the pain may 
be felt within the V-l territory, frequently in the orbit. 
Otherwise, PSH is a predominantly female disorder 
with ultra short (typically lasting 1 s) spontaneous 
attacks not accompanied by autonomic features. 


Short-lasting attacks of CPH may overlap with long- 
lasting SUNCT attacks. Indeed, CPH may rarely be 
precipitated by spontaneous or provoked neck move¬ 
ments. These features may pose extra difficulties in its 
differentiation from SUNCT. The absolute responsive¬ 
ness of CPH to indomethacin is diagnostically crucial, 
but there are other differentiating features (Table 1). 
SUNCT syndrome should be differentiated from V-l 
trigeminal neuralgia. It is worth noting that only 5% 
of trigeminal neuralgia primarily originate in its first 
division. 

V-l trigeminal neuralgia attacks are much shorter than 
SUNCT attacks, and are regularly followed by a re¬ 
fractory period. V-l trigeminal neuralgia attacks may 
be accompanied by local autonomic signs, but contrary 


SUNCT Syndrome, Table 2 First division (V-1) trigeminal neuralgia, and SUNCT syndrome - differences 



V-1 neuralgia 

SUNCT | 

Sex predominance 

Male = Female 

Male >female 

Usual attack duration 

5-10 s 

60s 

Usual range of duration 

1—30 S 

10—120 S 

Autonomic phenomena during attacks 

Conjunctival injection 

Absent 


Lacrimation 

Absent or slight 

Constant/Prominent 

Rhinorrhoea/nasal stuffiness 

Absent 

Frequent 

Severity of pain 

Excruciating 

Moderate-severe 

Spreading of pain from V-1 to V-2, V-3 

Yes 

No 

Nocturnal attacks 

Rare 

Very rare 

Refractory periods 

Constant 

May lack 

Carbamazepine effect 

Excellent 

Partial 


Modified from: Pareja JA, Caminero AB, Sjaastad 0. SUNCT syndrome. Diagnosis and treatment. CNS Drugs 2002; 16:373-383 (Pareja et al. 2002) 
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to what is the case in SUNCT, autonomic accompani¬ 
ments in V-I trigeminal neuralgia are not constant, tend 
to appear after years of headache, and have a modest di¬ 
mension. In SUNCT, attacks are regularly accompanied 
by dramatic lacrimation and conjunctival injection, both 
signs appearing in tandem, whereas the minority of V-1 
trigeminal neuralgia patients with autonomic accom¬ 
paniments of attacks show modest lacrimation without 
conjunctival injection. Other remarkable differential 
features are set forth in Table 2. 

Pathophysiology 

Pathophysiology of SUNCT is mostly unknown. Based 
on the clinical features there seems to be an activation of 
the V-I trigeminal system but the “ignition” process is 
unknown. Since SUNCT attacks are longer, and refrac¬ 
tory periods may be lacking, the pain modulating system 
may seem to behave differently in SUNCT as compared 
with e.g. trigeminal neuralgia. In SUNCT parasympa- 
thetics could be either strongly activated or hypersen¬ 
sitive, bringing about an impressive set of local auto¬ 
nomic signs. The reported activation of the ipsilateral 
hypothalamic gray during a SUNCT attack (May et al. 
1999) has been claimed as pathogenically relevant, as the 
hypothalamus has connections to the pain modulating 
system and the superior salivary nucleus and is, there¬ 
fore, anatomically positioned to influence both the pain 
and the autonomic accompaniments (Goadsby and Lip- 
ton 1997; May et al. 1999). 

► Paroxysmal Hemicrania 

► Primary Stabbing Headache 
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Superconducting Quantum Interference 
Device 

► Magnetoencephalography in Assessment of Pain in 
Humans 


Superficial Dorsal Horn 

Definition 

The spinal cord is arranged in such a way that primary af¬ 
ferent fibers originating in the periphery display specific 
somatotopic organization upon entry into the cord. Clas¬ 
sically, the spinal cord can be divided into the white mat¬ 
ter and grey matter, and the latter can be further divided 
into 10 different laminae, each layer being composed of 
functionally distinct cells. Laminae I and II make up the 
superficial dorsal horn, and this area of the spinal cord 
represents the point at which nociceptive peripheral in¬ 
puts first synapse. 

► Opioids in the Spinal Cord andModulation of Ascend¬ 
ing Pathways (N. gracilis) 

► Spinoparabrachial Tract 


Superficial Dry Needling 

Definition 

This is a technique of dry needling developed by Baldry. 
The acupuncture needle is applied subcutaneously, but 
does not penetrate the muscle tissue. 

► Dry Needling 


Superficial Dyspareunia 

Definition 

Entry dyspareunia. 

► Gynecological Pain and Sexual Functioning 
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I- 

Superior Hypogastric Plexus 

Definition 

Nerves to and from internal organs of the lower ab¬ 
domen. 

► Cancer Pain Management, Anesthesiologic Interven¬ 
tions, Neural Blockade 

I- 

Supersensitivity 

Definition 

Increased response to a drug, presumably due to an in¬ 
crease in the number of receptors activated by the drug 
(upregulation) or by a functional increase in receptor re¬ 
activity. 

► Opioids and Reflexes 

I- 

Supplemental Security Income 

► Disability Evaluation in the Social Security Admin¬ 
istration 

I- 

Supplemental Security Income Disability 
Program 

Definition 

Means-tested national program administered by the So¬ 
cial Security Administration that provides monthly pay¬ 
ments to needy disabled adults and disabled children (in¬ 
dividuals under age 18). 

► Disabihty Evaluation in the Social Security Admin¬ 
istration 

I- 

Supportive Care 

Definition 

Part of palliative care but does not include disease mod¬ 
ifying therapy with palliative intent, and like hospice 
care, does not have as broad a scope as palliative care. 

► Cancer Pain Management, Interface Between Cancer 
Pain Management and Palliative Care 

I- 

Supraspinal Anti-Nociceptive 
Mechanisms 

► Extrasegmental Anti-Nociceptive Mechanisms 


I- 

Supraspinal Pain Control Systems 

► Descending Modulation of Nociceptive Processing 

I- 

Supraspinal Regulation 

► GABA Mechanisms and Descending Inhibitory 
Mechanisms 

► Spinothalamic Tract Neurons, Descending Control by 
Brainstem Neurons 

I- 

Suprathreshold Stimuli 

Definition 

These are stimuli whose intensity lies above the subject’s 
pain threshold. It is important to use such stimuli, as op¬ 
posed to threshold or subthreshold stimuli, to understand 
true nociceptive processing. 

► Quantitative Sensory Testing 

I- 

Sural Nerve Biopsy 

Definition 

The traditional method of observing and quantitating 
small sensory axons involving partial or total surgical 
removal of the sural nerve above the ankle and electron 
microscopic analysis. Complications include numbness 
of the foot, infection, and persistent pain. 

► Diabetic Neuropathies 

I- 

Sural Spared Nerve Injury Model 

► Neuropathic Pain Model, Spared Nerve Injury 

I- 

Surgery in the DREZ 

Definition 

Ablative Pain Surgery in the Dorsal Root Entry Zone. 

► Brachial Plexus Avulsion and Dorsal Root Entry Zone 

I- 

Surgical Denervation 

Definition 

To cut a peripheral nerve with the surgeon’s knife. 

► Cancer Pain Management, Anesthesiologic Interven¬ 
tions, Neural Blockade 
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I- 

Survivin 

Definition 

Survivin is a member of the inhibitor of apoptosis protein 
(IAP) family. 

► NSAIDs and Cancer 

I- 

Swaddling 

Definition 

An infant is wrapped in a light cloth to keep limbs close 
to the trunk and prevent the child from moving around 
excessively. 

► Acute Pain Management in Infants 

I- 

Swedish Massage 

► Massage and Pain Relief Prospects 

I- 

Switching 

Definition 

Pharmacological technique used to improve the bal¬ 
ance between analgesia and adverse effects in clinical 
conditions of poor opioid response. The prior opioid 
is discontinued and an alternative one is administered 
at doses substantially lower than those provided by 
equianalgesic tables. The rationale is based on the 
asymmetric tolerance and differences in efficacies 
among opioids. Equivalence tables are only indicative, 
as patients who are highly tolerant and receiving high 
doses of opioids should be carefully monitored, partic¬ 
ularly when switching from morphine to methadone, 
which has a higher potency than expected in patients 
taking high doses of morphine. 

► Opioid Responsiveness in Cancer Pain Management 

I- 

Sylvian Fissure 

Synonyms 

Lateral Sulcus 

Definition 

Also called lateral sulcus, one of the largest fissures of 
the brain, the Sylvian fissure separates the temporal lobe 
from the frontal and parietal lobes. The insula is located 
deep inside the Sylvian fissure, which is separated from 


the frontal, parietal, and temporal operculum by the cir¬ 
cular sulcus of the insula. 

► Insular Cortex, Neurophysiology and Functional 
Imaging of Nociceptive Processing 

► Nociceptive Processing in the Secondary Somatosen¬ 
sory Cortex 

► SII 

I- 

Sympathectomy 

Definition 

Sympathectomy refers to interruption of the function of 
the sympathetic chain, either by local anesthetic block¬ 
ade (a reversible process) or by sectioning the chain 
and excising the sympathetic ganglia surgically for 
treatment of SMP (sympathetically maintained pain) or 
hyperhydrosis (excessive sweating). 

► Complex Regional Pain Syndrome and the Sympa¬ 
thetic Nervous System 

► Sympathetically Maintained Pain in CRPSII, Human 
Experimentation 

I- 

Sympathetic-Afferent Coupling in the 
Afferent Nerve Fiber, Neurophysiological 
Experiments 

Heinz-Joachim HAbler 1 , Matthias Ringkamp 2 
'pH Bonn-Rhein-Sieg, Rheinbach, Germany 
department of Neurosurgery, School of Medicine, 
Johns Hopkins University, Baltimore, MD, USA 
heinz-j oachim.haebler @ fh-bonn-rhein- sieg. de, 
platelet@jhmi.edu 

Synonyms 

Sympathetic-Sensory Coupling; Coupling of Sympa¬ 
thetic Postganglionic Neurons onto Primary Afferent 
Nerve Fibers; sympathetic-sensory coupling distal to 
the dorsal root ganglion (DRG); peripheral sympathetic- 
afferent coupling 

Definition 

In animal models of neuropathic pain (models of CRPS 
II), lesioned and/or unlesioned afferents show ectopic 
activity, which is thought to be involved in initiating and 
maintaining neuropathic pain behavior. Ectopic activity 
arises from the somata of primary afferent neurons in 
the dorsal root ganglion (DRG) (see ► Sympathetic- 
afferent coupling in the dorsal root ganglion, neuro¬ 
physiological experiments), and is also generated at 
different sites along the axon of the primary afferent 
neuron including its receptive terminal. Similar to exper¬ 
iments on sympathetic-afferent coupling in the DRG, in 
vivo neurophysiological recordings in reduced animal 
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models under general anesthesia can be used to study 
coupling between efferent sympathetic postganglionic 
fibers and nociceptive afferents. Coupling may develop 
after various types of experimental nerve lesions and 
could provide a mechanism of SMP in patients. To test 
for sympathetic-afferent coupling, the sympathetic sup¬ 
ply is either activated by natural stimuli (e.g. hypoxia), 
or directly by electrical stimulation while the ectopic 
activity in decentralized primary afferent fibers is mea¬ 
sured. In addition, pharmacological tools (application 
of adrenoceptor agonists and antagonists) are applied 
to block or mimic the effects of sympathetic-sensory 
coupling on ectopic activity in nociceptive afferents. 
Sympathetic-afferent coupling may be direct, i.e. the 
primary afferent neuron is activated by noradrenaline 
released by sympathetic axons, and/or indirect via ef¬ 
fects, for example, on the vascular bed. Results from 
reduced in vivo animal models have to be correlated 
with the results obtained in behavioral animal models 
and findings in patients. 

Characteristics 

Following nerve injury, sympathetic noradrenergic neu¬ 
rons may influence afferent neurons in several ways. Ex¬ 
periments in reduced in vivo animal models of nerve in¬ 
jury have shown that in addition to coupling at the dorsal 
root ganglion, coupling may also occur along the affer¬ 
ent axon. Coupling could occur at or close to the injury 
site as well as proximal to the lesion or distal at the af¬ 
ferent terminal. Furthermore, it may involve lesioned, 
intact or regenerating afferents. 

That peripheral sympathetic-afferent coupling is a 
mechanism for SMP is consistent with the finding that 
intradermal administration of adrenergic agents rekin¬ 
dles pain in patients who underwent a sympathetic 
block for the treatment and/or diagnosis of SMP (Ali et 
al. 2000; Torebjorket al. 1995). 

Coupling between Sympathetic Fibers and Afferent Endings in 
Neuromas Following Nerve Lesion 

Sympathetic-afferent coupling in neuromas is rare, at 
least in cats and particularly in old neuromas, taking 
into account the relatively low proportion of lesioned 
afferents showing ectopic activity (Blumberg and Janig 
1984). It may be more common in rat neuromas, which 
generate higher rates of ectopically active afferents in 
the first two weeks after lesion (Devor and Janig 1981). 
In the early phase after lesion, coupling to myelinated 
and unmyelinated fibers occurs in the cat, but mainly 
to myelinated fibers in rats. In old sciatic nerve neu¬ 
romas of the rat, sympathetic-afferent coupling occurs 
mainly in unmyelinated afferents (Janig 1990). Le¬ 
sioned afferents with ectopic activity can be activated 
by epinephrine/norepinephrine and by electrical stimu¬ 
lation of the sympathetic trunk, and this activation is me¬ 
diated by a-adrenoceptors. However, high stimulation 
frequencies of >10 Hz are needed to elicit discharges 


in afferent neurons from the neuroma (Devor and Janig 
1981; Blumberg and Janig 1984). Such frequencies 
never occur in sympathetic neurons under physiologi¬ 
cal in vivo conditions. Furthermore, there is no evidence 
that the ongoing ectopic activity in neuroma fibers is 
generated by ongoing sympathetic activity. Likewise, 
there is no evidence that postganglionic sympathetic 
fibers ephatically couple to afferents from the neuroma. 
It is possible that the observed sympathetic-afferent 
coupling in neuromas was mediated indirectly through 
changes in blood flow. 

Sympathetic-Afferent Coupling after Nerve Lesion with Subse¬ 
quent Regeneration of Afferent and Sympathetic Fibers to the 
Target Tissue 

More than one year after an inappropriate cross-union 
between the proximal stump of either the sural or the 
superficial peroneal nerve and the distal stump of the 
tibial nerve of the cat, unmyelinated afferent fibers ex¬ 
hibiting a low level of ectopic activity could be vigor¬ 
ously excited by low frequency electrical stimulation of 
the sympathetic chain (frequencies of >0.5 Hz) and/or 
by intravenous injection of epinephrine (Habler et al. 
1987) (Fig. 1). Physiological stimulation of the sympa¬ 
thetic neurons by systemic hypoxia also activated some 
unmyelinated afferent fibers. The sympathetically and 
epinephrine-induced discharges were blocked by the a- 
adrenoceptor antagonist phentolamine, indicating an a- 
adrenoceptor-mediated coupling. These effects were un¬ 
likely to be mediated indirectly via the vascular bed in 
the lesioned nerve, because angiotensin-induced vaso¬ 
constriction did not activate afferent neurons. This is as 
yet the only experimental study showing that stimulation 
of sympathetic neurons at physiological frequencies is 
able to elicit impulses in unmyelinated, probably noci¬ 
ceptive, afferents after nerve lesion. 

Coupling between Unlesioned Postganglionic and Afferent 
Nerve Terminals Following Partial Nerve Lesion. 

After partially cutting the great auricular nerve in rabbits, 
a subset of spared C-fiber polymodal nociceptors, and 
also a few spared A8-nociceptors, developed sensitivity 
to electrical stimulation of the cervical sympathetic 
trunk and to close-arterial injection of norepinephrine 
or epinephrine. In addition, they were sensitized to heat 
stimuli by this sympathetic stimulation 4-148 days 
after lesion. These effects were preferentially medi¬ 
ated by 012-adrenoceptors (O’Halloran and Perl 1997; 
Sato and Perl 1991). Indirect effects mediated via the 
vascular bed were unlikely, because vasopressin did 
not affect nociceptors. However, sympathetic-afferent 
coupling leading to activation and sensitization of no¬ 
ciceptors required sympathetic stimulation at high, 
non-physiological frequencies. It was proposed that 
circulating epinephrine might act via 012-adrenoceptors 
that are up-regulated on afferent terminals after nerve le¬ 
sion (Birder and Perl 1999). However, the epinephrine 
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Sympathetic-Afferent Coupling in the Afferent Nerve Fiber, Neurophysiological Experiments, Figure 1 Sympathetic-afferent coupling after nerve 
lesion with subsequent fiber regeneration. Excitation of unmyelinated afferent units by electrical stimulation of sympathetic fibers following nerve injury. 
Unmyelinated primary afferents were recorded in cats 11-20 months following a nerve lesion. The central cut stump of a cutaneous nerve innervating 
hairy skin (sural or superficial peroneal nerve) had been imperfectly adapted to the distal stump of a transected mixed nerve (tibial nerve). There was 
a ‘neuroma-in-continuity' at the site of the lesion and cutaneous nerve fibers had regenerated into skin and deep somatic tissue supplied by the mixed 
nerve, (a) Experimental set-up. LST, lumbar sympathetic trunk; TIB, tibial nerve; SP, superficial peroneal nerve. Lower record: The afferent fibers were 
identified as unmyelinated by electrical stimulation of the neuroma with single impulses. The signal indicated by dot was the same as in (b); the afferent 
fiber conducted at 1.3 m/s. Record from a single unmyelinated afferent unit. Supramaximal stimulation of the LST with trains of 30 pulses at 1-5 Hz 
(trains and stimulation artifacts indicated by bars). Note that the afferent unit had some low rate of ongoing activity (impulses before the trains at 1 
and 4 Hz), (c) Adrenaline (5 p.g injected i.v.) activated the fiber. Angiotensin (0.2 p,g injected i.v.) generated a large increase of blood pressure (MAP, 
mean arterial blood pressure) but did not activate the afferent fiber. Modified from Habler et al. 1987. 


concentrations used to mimic sympathetic-afferent 
coupling were much higher than plasma concentrations 
under physiological conditions. 

In vitro experiments in non-human primates revealed 
that cutaneous C-fiber afferents spared by the nerve 
lesion can acquire sensitivity to sympathetic agonists. 
After partial denervation of the skin resulting from an 
L6 spinal nerve lesion, uninjured C-fiber nociceptors 


showed spontaneous activity, and displayed a higher 
incidence of responses to both on- and 012-adrenergic 
agonists than controls (Ali et al. 1999). However, the rate 
of spontaneous activity and the response magnitudes 
were generally low. 

In the absence of any direct injury to afferent nerve 
fibers, a similar sensitivity to norepinephrine was found 
in C-fiber polymodal nociceptors following surgical 
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sympathectomy (Bossut et al. 1996). This finding was 
suggested to be a correlate of postsympathectomy neu¬ 
ralgia, which in some cases is observed in patients who 
underwent sympathectomy. 

Sympathetic-Afferent Coupling in the Nerve Proximal to the 
Nerve Lesion 

A nerve lesion is also followed by dramatic changes 
along the nerve proximal to the lesion. Many neurons 
with unmyelinated axons die with time after nerve 
lesion (Janig and McLachlan 1984). Peptidergic and 
nonpeptidergic afferents and postganglionic fibers start 
to sprout retro- and anterogradely, and there are signs 
of inflammation and angiogenesis and changes in the 
innervation of blood vessels supplying the nerve (see 
► Sympathetic and Sensory Neurons after Nerve Le¬ 
sions, Structural Basis for Interactions). In view of 
these and other changes, it is possible that sympathetic- 
afferent coupling occurs in the nerve proximal to the 
lesion. However, this possibility has not yet been inves¬ 
tigated. 

Significance of Sympathetic Coupling onto the Afferent Nerve 
Fiber 

Sympathetic-afferent coupling after nerve lesion can 
occur in the peripheral nerve at different sites. In neu¬ 
romas coupling involves mostly myelinated fibers, 
and since most of them are probably low-threshold 
mechanoreceptors, its significance for neuropathic 
pain is doubtful. This is consistent with clinical ex¬ 
perience showing that pain from neuromas is usually 
independent of the sympathetic nervous system. With 
the exception of experiments on inappropriate cross¬ 
union of two hindlimb nerves, a general problem is 
that un-physiologically high stimulation frequencies of 
the sympathetic trunk are necessary to activate affer¬ 
ent fibers. Similar to sympathetic-afferent coupling in 
the dorsal root ganglion, the exact mechanism of the 
sympathetic coupling onto afferent nerve fibers remains 
unclear. While it is an attractive idea that afferent neurons 
are excited by norepinephrine acting on up-regulated, 
neuronal 012-adrenoceptors, it has to be reconciled 
with the well-established finding that intact nocicep¬ 
tors possess presynaptic 012-adrenoceptors which are 
inhibitory (e.g. Li and Eisenach 2001). Furthermore, 
there is evidence indicating that (^-adrenoceptors also 
remain inhibitory after partial sciatic nerve ligation 
(Lavand’homme et al. 2002). 

Conclusion 

The functional significance of sympathetic-afferent 
coupling at the level of the afferent nerve fiber is still 
largely unclear. The assumption that it represents an 
animal model for SMP in patients should be considered 
with caution. 
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Synonyms 

Sympathetic-Sensory Coupling; coupling between 
sympathetic postganglionic neurons and primary affer¬ 
ent neurons (in the dorsal root ganglion) 

Definition 

Under physiological conditions, there is no coupling 
between sympathetic neurons and nociceptive primary 
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afferent neurons at any site in the peripheral nervous sys¬ 
tem, i.e. activity in sympathetic postganglionic neurons 
does not activate nociceptors, and thus does not elicit 
pain under any condition. In rat models of neuropathic 
pain, nerve lesions lead to the generation of ectopic 
activity in lesioned afferents, part of which arises from 
the somata of primary afferent neurons in the dorsal root 
ganglion (DRG). It is believed that the ectopic activity 
is involved in initiating and maintaining neuropathic 
pain behavior in these animals. Using neurophysio¬ 
logical recordings in reduced animal models in vivo 
under general anesthesia or in vitro, allows the study 
of whether there is a coupling between efferent sympa¬ 
thetic postganglionic neurons and afferent nociceptive 
neurons within the DRG, which may develop after var¬ 
ious types of experimental nerve lesion (i.e., whether 
this could be a model of SMP). Under these conditions, 
controlled physiological or electrical stimulation of 
the sympathetic supply and controlled pharmacology 
(application of adrenoceptor agonists and antagonists) 
can be applied, and changes of the ectopic activity in 
axotomized primary afferent neurons can be measured. 
Furthermore, changes of blood flow resulting from sym¬ 
pathetic stimulation can be measured on the surface 
of the DRG by laser Doppler flowmetry, to investigate 
the question of whether sympathetic-afferent coupling 
may be a direct activation of primary afferent neurons 
by sympathetic transmitters, or indirectly mediated by 
changes in DRG blood flow. Results obtained in these 
reduced in vivo animal models have to be correlated 
with the results obtained in behavioral animal models 
and in patients. 

Characteristics 

Following transection and/or ligation of the sciatic nerve 
or the L5/L6 spinal nerve (spinal nerve ligation model) in 
rats, perivascular catecholamine-containing axons start 
to invade the DRGs, which contain somata with lesioned 
axon and form baskets around sensory somata (McLach- 
lan et al. 1993) (see ► Sympathetic and Sensory Neu¬ 
rons after Nerve Lesions, Structural Basis for Interac¬ 
tions). Furthermore, following both types of nerve le¬ 
sion oi2A-adrenoceptors were found to be upregulated, 
particularly in medium-sized and large diameter DRG 
cells (Birder and Perl 1999; Shi et al. 2000). There was 
evidence that this happened not only in axotomized but 
also in uninjured neurons (Birder and Perl 1999). 
Therefore, the hypothesis has been put forward that 
the baskets, which form around primary afferent so¬ 
mata in DRGs corresponding to the lesioned nerve 
and which consist of postganglionic sprouts, may 
mediate sympathetic-afferent coupling. According to 
this hypothesis, norepinephrine released from these 
postganglionic sprouts could then directly bind to 
a2A-adrenoceptors upregulated on the DRG somata, 
and activate neurons involved in the generation and 
maintenance of neuropathic pain behavior. Thus, these 


morphological changes in the DRG would represent the 
morphological correlate of sympathetically maintained 
pain (SMP). 

In Vivo Neurophysiological Experiments after Sciatic Nerve Le¬ 
sion 

After tight ligation and section of the sciatic nerve in 
Sabra rats many afferent neurons in L4 and L5 DRGs, 
almost all with myelinated (A-) fibers, develop ectopic 
activity originating from within these ganglia (Devor et 
al. 1994; Michaelis et al. 1996). Electrical stimulation 
of the sympathetic supply of the L4 and L5 DRGs at 
unphysiologically high frequencies (>5 Hz), or sys¬ 
temic application of epinephrine, changed the ectopic 
activity of 55-60% of the afferent axotomized neurons 
via coupling within the DRG. Early after lesion (4-22 
days) the predominant response was excitation, whereas 
later-on the predominant response was depression of 
activity. A few silent afferent A-neurons were recruited 
by sympathetic stimulation. Only few DRG cells with 
unmyelinated (C-) fibers were spontaneously active 
(0.1-8.7% of neurons with ectopic activity) and most 
responded to sympathetic stimulation with inhibition. 
Responses were mediated by 012-adrenoceptors in 65% 
of cases, by ai-adrenoceptors in 13% and by oil and 
oi2 -adrenoceptors in 10% of cases (Chen et al. 1996). 

In Vivo Neurophysiological Experiments after Spinal Nerve Le¬ 
sion 

In the spinal nerve lesion (SNL) model, only axotomized 
neurons with A-fibers develop ectopic activity (Liu et al. 
2000). Most lesioned afferent neurons with ectopic ac¬ 
tivity originally probably supplied skeletal muscle rather 
than skin (Michaelis et al. 2000). 

The incidence of axotomized afferent neurons with 
ectopic activity which were responsive to electrical 
stimulation of the sympathetic chain at high stimu¬ 
lation frequencies of >5 Hz was significantly lower 
(17.6%) than after sciatic nerve lesion (Habler et al. 
2000). Almost all neurons responding to sympathetic 
stimulation were excited 3-56 days after lesion, while 
almost all of the 26.3% neurons responsive to systemic 
application of norepinephrine were inhibited. 
Registration of blood flow on the surface of the L5 DRG 
with laser Doppler flowmetry in parallel to recording 
neural responses revealed that electrical stimulation of 
the sympathetic chain leads to frequency-dependent 
vasoconstriction in the DRG (Habler et al. 2000). When 
sympathetic stimulation excited axotomized afferent 
neurons, the activation occurred once a critical thresh¬ 
old of vascular resistance in the DRG was exceeded, 
and subsided after vasoconstriction had fallen below 
the critical threshold (Fig. 1). Pre-constriction of the 
vascular bed with the potent vasoconstrictor drug N°- 
nitro-L-arginine methyl ester (L-NAME), an unspecific 
inhibitor of the nitric oxide (NO) synthase, significantly 
enhanced the incidence and magnitude of excitatory 
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Sympathetic-Afferent Coupling in the Dorsal Root Ganglion, Neurophysiological Experiments, Figure 1 Activation of an axotomized afferent neuron 
following lesion of the spinal nerve L5 (performed 35 days prior to the experiment) to electrical stimulation of the lumbar sympathetic trunk (LST, trains 
of 10 s at 1-50 Hz) in an anesthetized rat. The axon was isolated from the dorsal root L5. Mean arterial blood pressure (MAP), relative blood flow 
through the dorsal root ganglion (DRG) L5 (measured by laser-Doppler flowmetry) and resistance to flow in the DRG were recorded in parallel to the 
neural activity. The axotomized afferent neuron responded only to the highest frequencies used (20 Hz and 50 Hz). The activation occurred in parallel 
with increase in vascular resistance exceeding a critical threshold value (broken and stippled lines). Fiber activation mirrored the magnitude and time 
course of vascular resistance above this critical level. When the vascular bed was preconstricted by L-NAME the axotomized afferent neurons already 
responded to stimulation frequencies of the LST at >5 Hz (not shown here). From Habler et al. (2000) with permission. 


responses in axotomized DRG neurons with ectopic ac¬ 
tivity induced by sympathetic stimulation (from 17.6% 
to 76% of neurons), while the effective stimulation 
frequency necessary to excite the afferent neurons de¬ 
creased significantly. In this way many axotomized 
neurons originally unresponsive even to prolonged 
sympathetic stimulation could be converted to respon¬ 
ders after L-NAME. Both the DRG vasoconstriction 
and the neuronal responses to sympathetic stimulation 
were antagonized by both ai- and 012-adrenoceptor 
antagonists. 

Pre-constriction of the DRG vascular bed also increased 
the incidence of axotomized afferents responding to 
systemic application of norepinephrine from 23% to 
75%; all responses were excitatory, and previously in¬ 
hibitory responses were converted into excitatory ones. 
Similar to norepinephrine, non-sympathetic vasocon¬ 
strictor agents like angiotensin II and vasopressin also 
induced excitatory responses of axotomized afferent 
neurons with ectopic activity, and a recruitment of some 
previously silent afferent neurons. Systemic asphyxia 
was also capable of activating lesioned afferent neurons. 
These experiments suggest that sympathetic-afferent 
coupling in the DRG after spinal nerve lesion and, by 
analogy, also after sciatic nerve lesion is indirect. It 
occurs mainly when perfusion of the DRG is impaired, 
and the effective stimulus which activates axotomized 
afferent neurons is likely to be transient ischemia. 


In Vitro Neurophysiological Experiments on Axotomized DRG 
Neurons 

In in vitro experiments, lesioned afferent neurons after 
chronic constriction or L5 spinal nerve injury showed 
excitatory responses to norepinephrine or epinephrine. 
However, the doses used were relatively high. In similar 
in vitro experiments on acutely isolated DRG neurons, 
small depolarizations in both intact and lesioned somata 
in response to norepinephrine or other sympathomimet- 
ics could not be blocked by adrenoceptor antagonists (de 
Armentia et al. 2003), indicating that the observed ef¬ 
fects were non-specific. 

Significance of Sympathetic-Afferent Coupling in the DRG 

The critical question is whether sympathetic-afferent 
coupling in the DRG, as observed after spinal nerve 
lesion and sciatic nerve lesion, is a neurophysiologi¬ 
cal correlate of sympathetically maintained pain. This 
question is directly linked to the question of whether 
or not the ectopic activity arising in axotomized af¬ 
ferent neurons after nerve lesion is responsible for 
the development and/or maintenance of neuropathic 
pain behavior. This issue is controversially discussed. 
Earlier experiments in the spinal nerve lesion model 
indicated that sectioning the corresponding dorsal roots 
before spinal nerve lesion prevented the development of 
neuropathic pain behavior, while sectioning the corre¬ 
sponding dorsal roots after spinal nerve lesion abolished 
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neuropathic pain behavior (Kinnman and Levine 1995; 
Yoon et al. 1996), suggesting that the signal generating 
neuropathic pain behavior arose from the lesioned seg¬ 
ment. However, recent studies found that mechanical 
allodynic and hyperalgesic behavior after L5 spinal 
nerve lesion was unchanged by an additional L5 dorsal 
root section before or after spinal nerve lesion. Fur¬ 
thermore, transection of the dorsal root L5 alone was 
followed by mechanical allodynic and hyperalgesic 
behavior, which was undistinguishable from that after 
spinal nerve lesion (Eschenfelder et al. 2000; Li et al. 
2000). In view of these conflicting results, it appears 
doubtful that ectopic activity in lesioned afferents is 
responsible for the neuropathic pain behavior in the 
spinal nerve ligation model. 

Another major problem is that ectopic activity in the 
spinal nerve lesion model arises in axotomized afferent 
A- but not, or almost not, in C-fibers. At present, there 
is no conclusive explanation how A-fiber activity in the 
absence of C-fiber discharge can generate neuropathic 
pain in the early time period after lesion. A possible 
explanation in the more chronic state after lesion might 
be that nerve lesion entails the death of primary afferent 
neurons with C-fibers (mostly those to the skin but 
not those to skeletal muscle, see ► Sympathetic and 
Sensory Neurons after Nerve Lesions, Structural Basis 
for Interactions and Hu and McLachlan 2003), and that 
this leads to central reorganization. Now activity in 
afferent neurons with A-fibers may be involved in the 
generation of pain or pain-like behavior. 

Finally, according to behavioral experiments, it is at best 
controversial whether spinal nerve lesion is a model for 
SMP, first, since surgical sympathectomy alleviated neu¬ 
ropathic pain behavior only in a limited number of rat 
species, but had no effect in others, and second, since in a 
given rat strain the results produced by different labora¬ 
tories were opposite (see ► Sympathetic Nervous Sys¬ 
tem in the Generation of Pain, Animal Behavioral Mod¬ 
els). 

Conclusion 

The generation of neuropathic pain, allodynia and hy¬ 
peralgesia by pathophysiological mechanisms acting 
within the DRG, and a contribution to these symptoms 
by the sympathetic nervous system via sympathetic- 
afferent coupling in the DRG, is at present an attractive 
possibility, but a number of open questions have to be 
clarified, until firm conclusions can be drawn. 
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Synonyms 

Sympathetic-Afferent Interaction; Axonal Sprouting; 
Perineuronal Terminals; Vascular Hypertrophy 

Definition 

After nerve injury, some people develop spontaneous 
pain and allodynia that is alleviated by sympathetic 
blockade. Injury-induced retrograde reactions within 
dorsal root ganglia lead to the ingrowth of sympathetic 
axons and collateral sprouting of afferent axons, as well 
as the influx of macrophages and lymphocytes from 
the blood. These changes are associated with the local 
production of neurotrophins and cytokines, which raise 
excitability of sensory neurones. Although some sen¬ 
sory somata express alpha2-adrenoceptors after lesions, 
there is no clear evidence that noradrenaline released 
by sympathetic activity can access these receptors. 
Rather, activation may follow excessive neurogenic 
vasoconstriction, leading to excitation of hyperex- 
citable afferents by ischaemia. There is no structural 
evidence to support sympathetic-sensory interaction 
within the neuroma, but there may be a site in the pe¬ 
riphery, where noradrenaline released from sympathetic 
nerves accesses adrenoceptors leading to excitation of 
nociceptors. 

Characteristics 

In normal individuals, neurotransmitters such as nor- 
drenaline released by sympathetic nerve activity have no 
direct effect on nociceptive terminals in skin, although 
these may be sensitive to changes in the environment 
mediated by sympathetic effector responses (Roberts 
1997). For example, experimentally-induced intense 
vasoconstriction may lead to ischaemic pain after 
metabolites have accumulated near nociceptive end¬ 
ings. A few sensory receptors are specifically supplied 
by sympathetic terminals e.g. the neck of hair follicles 
(Gibbins 1997). 

Blockade of alpha-adrenoceptors can alleviate neuro¬ 
pathic pain in a proportion of patients with peripheral 
nerve injuries, indicating that pain and sympathetic 
activity are not always independent (see ► Sym¬ 
pathetically maintained pain, clinical pharmacological 
tests ► Sympathetically maintained pain in CRPS I, 
human experimentation ► Sympathetically maintained 
pain in CRPS II, human experimentation). This has led 
to the idea that a link can develop after nerve injury, 
such that noradrenaline released during sympathetic ac¬ 
tivation excites nociceptive neurones or their peripheral 
terminals. Because, in normal individuals, sites where 
sympathetic nerve terminals lie close to nociceptive 
ones are lacking, the mechanism must involve some 
form of anatomical or functional plasticity. Is there ev¬ 
idence that neuropathic pain can result from the direct 
interaction between noradrenaline (NA) released from 


nerve terminals and alpha-adrenoceptors on nociceptive 
neurones? 

What is the Physical Relationship between Sympathetic and 
Sensory Neurones in the Somatic Domain? 

Sympathetic postganglionic neurones in the paraverte¬ 
bral chain send their axons in a virtually exclusive bundle 
(the grey ramus) to join the spinal nerve, immediately 
distal to the dorsal root ganglion (DRG). The axons then 
run in bundles along the peripheral nerve trunks to supply 
vessels in skin, muscle and joints, and piloerector mus¬ 
cles and sweat glands in some regions of skin. In several 
species, including cats and rats, the only sympathetic ax¬ 
ons that normally turn towards the DRG are those that in¬ 
nervate small blood vessels in the perineurium or around 
the nerve roots. Terminals are normally not present be¬ 
tween or around the somata within the DRG itself. 

The small diameter neurones that make up the noci¬ 
ceptive population tend to lie deep in the DRG. They 
send their unmyelinated axons to the periphery in the 
same nerve bundles as sympathetic axons. Within mus¬ 
cle nerves, ~ 50% of axons are sympathetic and ~ 
20% are unmyelinated afferents. Within skin nerves, 
these proportions are reversed. Sympathetic axons form 
varicose terminal plexuses around deep or sub-dermal 
arterial vessels, more than 1 mm below the epidermis in 
humans (Gibbins 1997). In some regions, a few peptider¬ 
gic afferent terminals lie amongst these sympathetic 
perivascular terminals, but the majority of unmyelinated 
afferents form endings in the sub-epidermal plexus and 
within the epidermis itself, where sympathetic termi¬ 
nals are not found. Deep pain is subserved by C and A8 
axons with endings in muscle and joints, but again close 
associations with sympathetic terminals are unusual. 

Neuronal Plasticity Following Nerve Injury 

Following nerve injuries that transect unmyelinated ax¬ 
ons, or after a neuroinflammatory response such as fol¬ 
lows a chronic constriction injury, this arrangement is 
changed. Distal to the injury, unmyelinated axons de¬ 
generate, whereas proximally they retract back along the 
nerve trunk if they cannot regenerate through the scar. 
After transection with ligation, very few axons contain¬ 
ing NA or peptides are present within the neuroma, al¬ 
though many are associated with the surrounding scar 
tissue. Thus, it is unlikely that sympathetic-afferent cou¬ 
pling occurs within the neuroma. 

Within sympathetic ganglia and DRGs, the lesioned 
cell bodies show typical ► axotomy responses, and 
satellite glia are activated and proliferate. Within a 
few days, resident macrophages become activated and 
lymphocytes and other types of macrophage invade the 
ganglia (Hu and McLachlan 2003a). The DRG somata 
down-regulate synthesis and start to express proteins 
associated with survival and regeneration. However, if 
regeneration is impeded, ~ 50% of the small sensory 
neurones in the lesioned DRG, and a similar number of 
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sympathetic neurones, die over the ensuing weeks. This 
neuronal death is not entirely dependent on axotomy 
(Hu and McLachlan 2003b). 

Over the next few weeks, collateral sprouts from the 
main axon close to the axotomized sympathetic somata 
(Ramer et al. 1999), and sprouts from the perivascu¬ 
lar terminals near the DRG (McLachlan et al. 1993), 
invade the DRG, probably triggered by the release of 
neurotrophins from activated glia, which also begin to 
express ► p75 (Ramer etal. 1999; Zhou etal. 1999). The 
expression of p75, by proliferating glia around larger 
diameter somata, i.e. low-threshold mechanoreceptors, 
would be expected to concentrate neurotrophins around 
these somata. 

Not only sympathetic but also trkA-positive peptidergic 
afferent axons form collateral sprouts after axotomy. 
A variety of peptidergic terminals arising from small 
diameter somata grow through the DRG. Both types of 
sprouts form ► perineuronal baskets or rings of termi¬ 
nals, which may contain NA or calcitonin-gene-related- 
peptide (CGRP), Substance P, galanin or vasoactive 
intestinal polypeptide. Both sympathetic and peptider¬ 
gic terminals elaborate around the larger diameter 
neurones, probably in response to neurotrophins con¬ 
centrated there. Gene deletion in mice has revealed that 
the production of NGF is necessary for sprouting, while 
the formation of perineuronal baskets is dependent on 
p75 expression in perineuronal glia (Walsh et al. 1999). 
NT3 or other neurotrophins may be equally important. 
The proportion of neurones bearing rings is low - < 5% 
of DRG neurones - and is maximal after 8-10 weeks. 
Both axotomised and uninjured neurones can have as¬ 
sociated rings. Terminals of more than one type of axon 
sometimes co-mingle around the same cell, or they may 
form independent rings around adjacent cells. However, 
most of the ► varicosities lie amongst the perineuronal 
glia (Shinder et al. 1999), and synaptic contacts or signs 
of release sites have rarely been identified. 

Expression of alpha 2A adrenoceptors increases in 
medium to large DRG somata after sciatic injury 
(Birder and Perl 1999). However, the upregulated 
receptors disappear over several weeks as perineuronal 
rings develop. Further, direct application of NA has 
generally been unsuccessful in exciting larger diameter 
(A) neurones, even when high concentrations are ap¬ 
plied. However, high concentrations of NA depolarise 
a few somata in both control and lesioned DRGs via 
a non-adrenoceptor-mediated mechanism. This de¬ 
polarization might be adequate to elicit discharge in 
somata rendered hyperexcitable after a lesion (Lopez 
de Armentia et al. 2003). Isolated small somata can be 
excited by NA via alpha2-adrenoceptors (Abdulla and 
Smith 1997), but these neurones are not associated with 
sympathetic terminals. It, therefore, seems unlikely 
that, even if NA is released from ectopic sprouts, it 
can activate neuronal alpha2-adrenoceptors within a 
lesioned DRG. 


Vascular Changes after Nerve Injury 

Activation of sympathetic pathways that project to le¬ 
sioned DRGs leads to increased discharge of muscle 
afferents that show spontaneous ectopic activity. How¬ 
ever, this only results when high stimulation frequencies 
produce extreme vasoconstriction within the DRG, with 
markedly reduced blood flow (see ► Sympathetic af¬ 
ferent coupling in the dorsal root ganglion, neurophysi¬ 
ological experiments). Perhaps the enhanced metabolic 
activity of macrophages and glia in the lesioned DRG 
provides an environment where intense vasoconstric¬ 
tion further compromises the supply of nutrients and 
oxygen, causing excitation of the hyperexcitable DRG 
somata. 

A structural basis for this observation may be the hy¬ 
pertrophy of some arterial vessels in the lesioned nerve 
trunks. In the rat sciatic nerve, endoneurial vessels are 
normally uninnervated capillaries. However, proximal 
to a ligation and transection, enlarged endoneurial ves¬ 
sels appear over several weeks after the lesion. These 
vessels develop muscle layers and become densely in¬ 
nervated by varicose sympathetic terminals. Similar en¬ 
larged vessels are found around and occasionally within 
the DRG. As constriction of these arterial vessels during 
sympathetic activity is likely to restrict endoneurial and 
ganglionic blood flow, it may lead to ischaemic excita¬ 
tion of hyperexcitable afferents. Such a scenario could 
explain why neuropathic pain is sensitive to adrenocep¬ 
tor blockade, and would be consistent with observations 
in patients where sympathetic block by antagonists that 
are not very effective on alpha2-adrenoceptors can re¬ 
duce sympathetically-mediated pain. 

Potential Interaction in the Periphery 
If damaged unmyelinated axons can regenerate through 
the lesion site, they grow quickly along the nerve trunk. 
However, when they reach distal vascular targets, re¬ 
generating sympathetic axons reinnervate them very 
poorly (Jobling et al. 1992). Nevertheless, the peripheral 
vessels respond to this sparse innervation with exag¬ 
gerated and prolonged vasoconstriction (Koltzenburg 
et al. 1995), implying that denervation hyperreactivity 
persists despite reinnervation. Similarly, regenerated 
peptidergic afferents are extremely sparse within the 
dermis (McLachlan et al. 1994). While regenerating 
unmyelinated axons of both types do not readily rein¬ 
nervate their denervated targets, they might interact 
within the subdermal nerves. 

Neuropathic pain is more common when nerve damage 
leaves intact axons in partially denervated territory. Af¬ 
ter such lesions, stimulation of intact sympathetic axons 
activates nociceptor endings in skin, which appear to de¬ 
velop sensitivity to alpha 2-adrenoceptors (Sato and Perl 
1991). Injection of NA into the skin of patients rekindles 
neuropathic pain (Torebjork et al. 1995). Further, both 
vasoconstriction and the symptoms of neuropathic pain 
can be attenuated by decreasing sympathetic activity in 
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patients (Baron et al. 2002). This suggests the periphery 

may be the site of sympathetic-sensory interaction, but 

the location for this interaction is not known. 
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I- 

Sympathetic Arousal 

Definition 

Sympathetic arousal is a physiological process associ¬ 
ated with a relative activation of the sympathetic nervous 
system and mediated by adrenalin, resulting inresponses 
such as increased heart rate, faster and shallower breath¬ 
ing, increased sweating, and increased muscle tension. 
► Relaxation in the Treatment of Pain 


I- 

Sympathetic Blockade 

Definition 

The peripheral sympathetic nervous system begins as 
efferent preganglionic fibers in the intermediolateral 
column of the spinal cord, passing out in the ventral 
roots from T1 to L2 to form the sympathetic chain at the 
side of the vertebral bodies. The preganglionic fibers 
pass a variable distance to reach ganglia in the chain, 
and postganglionic fibers are widely distributed. The 
sympathetic ganglia consist of efferent sympathetic 
fibers and afferent visceral fibers conducting to and 
from the head, neck and upper extremity (cervicotho- 
racic or stellate ganglion), abdominal viscera (coeliac 
plexus), lower limbs and lower abdominal viscera (lum¬ 
bar sympathetic ganglia), pelvic organs (hypogastric 
plexus), and perineum (ganglion impar). As the sym¬ 
pathetic ganglia are separated from somatic nerves 
(except in the thoracic region), it is possible to achieve 
selective blockade of sympathetic fibers at these sites 
without effects on sensory and motor function. The 
use of sympathetic blocks as diagnostic procedures is 
hampered by false positive results due to: spread of local 
anesthetic to somatic nerve roots or the epidural space; 
blockade of sensory fibers from many deep somatic 
elements that traverse the sympathetic rami and chain; 
or interruption of visceral afferent signals. False nega¬ 
tive results may result from an incorrectly performed 
block, or failure to block all sympathetic supply fibers 
from the contralateral ganglia or other ganglia in the 
chain. For example, blockade of all sympathetic fibers 
to the upper arm may not be achieved with a stellate 
ganglion block at C6, which has been shown to produce 
a Horner’s syndrome in 84-100%, but ipsilateral hand 
warming in only 27-75% of subjects. 

► Postoperative Pain, Acute Presentation of Complex 
Regional Pain Syndrome 
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Synonyms 

Sympathetic Nerve Block; Chemical Sympathectomy 


Between 10 and 15 ml of local anaesthetic is injected 
slowly. Spread of solution to the midthoracic segments 
is required to completely block sympathetic efferents 
to the upper limb. 

Thoracic Sympathetic Block 

The needle is introduced from behind, and is directed to 
pass ventrally and medially, through the costotransverse 
ligament, until its tip lies beside the vertebral column at 
the depth of the sympathetic trunk. 


Definition 

Sympathetic blocks are procedures designed to produce 
temporary or permanent interruption of activity in sym¬ 
pathetic neurons. 

Characteristics 

Principles 

Sympathetic blockade can be produced temporarily by 
injecting ► local anaesthetic onto sympathetic nerves. 
Typically, the nerves are blocked where they form the 
sympathetic trunks and ganglia, or plexuses, in front of 
the vertebral column. Sympathetic nerves are most con¬ 
centrated in these regions (Breivik et al. 1998; Kopacz 
and Thompson 1998). The objective of the block may 
be to interrupt efferent output to a target region, afferent 
output from that region, or both. The site of the block 
used depends on the region targeted (Table 1). 

Techniques 

Blind techniques using anatomical landmarks can be 
performed, but fluoroscopic or CT guidance allows 
for safer and more accurate placement of needles. The 
injection of a test-dose of contrast medium allows con¬ 
firmation that the agent to be used will spread safely 
and appropriately. 

Stellate Ganglion Block 

The patient lies supine with their neck slightly extended 
and mouth open. Upon palpating the transverse process 
of C6, the operator inserts a needle until it contacts 
the junction of the transverse process and body of C6. 


Sympathetic Blocks, Table 1 The variety of sympathetic blocks and the 
regions that they target 


1 BLOCK 

TARGET REGION if 

Stellate ganglion 

head, neck and upper limb 

Thoracic sympathetic trunk 

upper limb and heart 

Coeliac plexus 

upper abdominal viscera 

Lumbar sympathetic trunk 

lower limb 

Hypogastric plexus 

pelvic viscera 

Ganglion impar 

perineum 


Celiac Plexus Block 

A bilateral approach uses two needles, inserted from be¬ 
hind, and directed to the anterior aspect of the body of 
LI adjacent to the aorta. CT scanning greatly facilitates 
this block. The insertion points and needle direction can 
be determined; the pleura and kidneys can be avoided; 
and the spread of injectate can be ascertained with con¬ 
trast medium. 


Lumbar Sympathetic Block 

A needle is introduced from behind, and is directed under 
fluoroscopic guidance through the psoas muscle, until its 
tip emerges from the psoas fascia immediately adjacent 
to the vertebral bodies of L2, L3, or L4. A linear spread of 
lml of contrast medium, with no lateral extension, indi¬ 
cates appropriate positioning. Small volume injections 
of the active agent can then be made at L2 and L4, or a 
single injection of a larger volume (15 - 20 ml) at L3. 


Hypogastric Plexus Block 

This block is performed in a similar fashion to the lumbar 
plexus block, save that a bilateral approach is used, and 
the target lies at L5-S1. 

Ganglion Impar Block 

A needle is passed from below the tip of the coccyx to 
follow its anterior curvature, until it reaches the anterior 
surface of the sacrococcygeal junction. An alternative 
is to pass the needle from behind, through the sacrococ¬ 
cygeal ligament. 


s 


Agents Used 
Local Anaesthetics 

For prolonged block, an agent such as bupivacaine or 
ropivicaine is commonly used. Clinical experience, and 
some research evidence, suggests that analgesic effects 
can continue for significantly longer than the described 
duration of action of these agents (6-12 hours) (Price et 
al. 1998). Volumes in the range of 10-20 ml are used, 
keeping in mind the total dose being administered to the 
patient. 


Neurolytic Agents 

Neurolytic agents have the advantage of producing 
a prolonged ‘chemical sympathectomy’. The major 
disadvantage is that unwanted effects on neurological 
structures, such as somatic nerves, may not recover. The 







2354 Sympathetic Blocks 


most widely used agents are 50-100% alcohol or 6-7% 
phenol in water. 

Validity 

The accuracy of a sympathetic block is confirmed by 
signs of venodilatation, increased capillary blood flow 
and perfusion, and an increase in skin surface temper¬ 
ature. A temperature increase of 1-3°C is indicative of 
a successful block, but this method is ineffective if skin 
is warm to begin with (Fisher et al. 1997). Patients with 
significant vascular disease may not demonstrate these 
signs. 

Complications 

The risk of major complications appears to be accept¬ 
ably low. The published case reports pertain largely to 
neurolytic blocks. 

Systematically, the potential complications of sympa¬ 
thetic blocks include: the inadvertent puncture of adja¬ 
cent structures or injection of agents into them, spread of 
agents to somatic nerves, and the physiological effects 
of sympathetic blockade, such as postural hypotension 
or ejaculatory failure. 

Indications and Applications 

Rest Pain Due to Chronic Vascular Insufficiency 

Chemical lumbar sympathectomy has been used for sev¬ 
eral decades to treat patients with occlusive vascular dis¬ 
ease who suffer ischemic rest pain of the distal lower 
limbs. Its use has declined significantly in latter years 
due to the development of successful reconstructive sur¬ 
gical techniques. 

Since muscle blood flow is largely regulated by autoreg- 
ulatory mechanisms, sympathectomy is not effective 
in the treatment of the pain of claudication. (Breivik et 
al. 1998; Gordon et al. 1994). 

The role of sympathectomy in the treatment of periph¬ 
eral vascular disease has come under scrutiny and its 
long-term effectiveness questioned (Gordon et al. 1994). 
Nevertheless, its major application remains for patients 
for whom surgery is not possible or has failed (Alexan¬ 
der 1994). 

Chronic Malignant Pain 

Neurolysis of visceral nociceptive afferents is an effec¬ 
tive treatment for the pain of visceral malignancy. Diag¬ 
nostic blocks are usually performed to establish efficacy 
prior to neurolysis. 

The most widely used and best studied of these blocks 
is celiac plexus block, for pain due to malignancy aris¬ 
ing from the upper abdomen. Properly performed blocks 
can provide pain relief lasting for more than one month 
in 70-85% of patients (Butler and Charlton 2001). Best 
responses occur in those suffering carcinoma of the pan¬ 
creas. 

The most feared complication is damage to spinal 
cord or somatic nerves. One retrospective question¬ 


naire based study detected four cases of permanent 
paraplegia in 2730 neurolytic celiac plexus blocks 
(Davies 1993). 

Sympathetically Maintained Neuropathic Pain 

The prominence of signs suggesting autonomic dysfunc¬ 
tion in ► Complex Regional Pain Syndromes, General 
Aspects prompted the widespread use of sympathetic 
blocks in their treatment. In recent years, however, the 
role and efficacy of sympathetic blocks in these condi¬ 
tions has been questioned (Cepada et al. 2002). 

The exact role that the sympathetic nervous system plays 
in the maintenance of chronic neuropathic pain remains 
unclear (Fisher et al. 1997). Evidence of sympathetic 
nervous system dysfunction in these conditions does ex¬ 
ist, but a link between this evidence and the appropri¬ 
ate use of sympathetic blocks has not been established 
(Baron et al. 2002). 

Patients who respond to sympathetic blocks are said to 
have sympathetically maintained pain. This concept has 
been criticised, due to the variable efficacy of injection 
techniques in achieving sympathetic blockade, and be¬ 
cause sympathetic blocks can have affects on pathways 
other than sympathetic nerves (Fisher et al. 1997). 
Clinical trials have suffered from differences in in¬ 
clusion/exclusion criteria, treatment methods, outcome 
measurements and the use of controls (Perez et al. 2001). 
Convincing evidence confirming the efficacy of sym¬ 
pathetic blocks in the treatment of neuropathic pain has 
not been produced. However, some evidence suggests 
that the use of sympathetic blocks soon after injury 
may prevent the development of CRPS (Reuben et 
al. 2000). 

Since the placebo effect is powerful in this situation, 
the use of appropriate controls is vital when conducting 
studies of this nature. The use of control blocks in rou¬ 
tine clinical practice has also been strongly advocated 
(Bogduk 2002). 

Apparent relief of pain with local anaesthetic blocks has 
led to the use of neurolytic blocks, surgical sympathec¬ 
tomy or radiofrequency denervation in the treatment of 
CRPS. However neuro-ablative sympathectomy seems 
to have, at best, a temporary analgesic effect. A signif¬ 
icant risk of these techniques is post sympathectomy 
neuralgia, whereby the patient may be left with a worse 
pain problem than existed at the outset (Anastasios et 
al. 2003). 

Overall, whereas clinical experience suggests that, 
when used appropriately, sympathetic blocks can be 
a useful component of a multidisciplinary treatment 
regimen, questions regarding their use in the treatment 
of CRPS remain unanswered. The use of control blocks, 
where possible, in order to properly assess response 
is to be recommended. Continuing a series of sympa¬ 
thetic blocks in the face of no improvement is futile and 
potentially harmful. 

► Epidural Steroid Injections for Chronic Back Pain 
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I- 

Sympathetic Component 


Definition 

Group of visceral responses driven by the sympathetic 
nervous system. This motor autonomic system is one of 
the two antagonistic visceral controls (the other being 
parasympathetic). It includes, schematically, a first neu¬ 
ron preganglionic (cholinergic) located in the interme- 
diolateral spinal horn and a second neuron (adrenergic) 
located in the paravertebral ganglion, the axon of which 
innervates the smooth muscles of viscera and blood ves¬ 
sels, the heart and the glandular tissue including notably 
the suprarenal gland. For example, within the cardiovas¬ 
cular sphere, this system triggers an increase of blood 
pressure and a tachycardia. 

► Hypothalamus and Nociceptive Pathways 


I- 

Sympathetic Fiber Sprouting 


Definition 

Abnormal growth of sympathetic nerve fiber at the in¬ 
jury site, within affected dorsal root ganglia and in den- 
ervated skin, is induced by peripheral nerve injury. 

► Neuropathic Pain Model, Tail Nerve Transection 
Model 


I- 

Sympathetic Ganglia 


Definition 

The autonomic or involuntary nervous system consists 
of sensory and motor neurons that run between the cen¬ 
tral nervous system (e.g., hypothalamus and medulla 
oblongata) and various internal organs such as the heart, 
lungs, gut, and glands, as well as peripheral tissues such 
as the blood vessels. The two main subdivisions of the 
autonomic nervous system are the sympathetic and the 
parasympathetic nervous systems. The sympathetic 
nervous system consists of preganglionic motor neu¬ 
rons that arise in the spinal cord and communicate with 
postganglionic neurons in sympathetic ganglia. The 
ganglia are primarily organized as two chains that run 
parallel to, and on either side of, the spinal cord. 

► Sympathetically Maintained Pain in CRPS II, Human 
Experimentation 


I- 

Sympathetic Ganglionectomy 


Definition 

Excision of ganglia (a mass of neural cell bodies found 
alongside the vertebral column) of the sympathetic ner¬ 
vous system (along with the parasympathetic nervous 
system, one of the two components of the autonomic 
nervous system, which control involuntary bodily func¬ 
tions). 

► Cancer Pain Management, Neurosurgical Interven¬ 
tions 


I- 

Sympathetic Nerve Block 

► Sympathetic Blocks 
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Introduction 

Research on the relationship between the autonomic 
nervous system and pain is a developing field with 
many facets that are interesting from the biological, 
pathobiological and clinical point of view. The terms 
biology and pathobiology are preferred to physiology 
and pathophysiology, because they include physiolog¬ 
ical, morphological, biochemical and molecular as¬ 
pects . This field will be briefly reviewed in a broad con¬ 
text, with focus on the sympathetic nervous system, 
The peripheral sympathetic noradrenergic neuron will 
be argued to have, in addition to its conventional func¬ 
tion to transmit signals generated in the brain to periph¬ 
eral target cells (e.g. smooth muscle cells, secretory ep- 
ithelia, heart cells, neurons of the enteric nervous sys¬ 
tem etc.), quite different functions that are directly or 
indirectly related to protection of body tissues and pain. 
Some of these functions have not been studied as ex¬ 
tensively as the function to regulate autonomic target 


cells (Janig 2006). The parasympathetic nervous sys¬ 
tem is not involved in the generation of pain, yet may 
also be important in protection of body tissues (e.g. the 
gastrointestinal tract). Vagal afferents are involved in 
integrative aspects of pain, hyperalgesia and inflamma¬ 
tion. This is discussed elsewhere (Janig 2005; Janig and 
Levine 2005). 

The table “Sympathetic nervous system and pain” lists 
different functions of the sympathetic nervous system 
related to pain and protection of body tissues in biolog¬ 
ical and pathobiological conditions. The table clearly 
shows that peripheral as well as central mechanisms 
have to be considered and that the topic not only encom¬ 
passes pain and hyperalgesia, but has a broader context 
including neural and neuroendocrine regulation of in¬ 
flammation and the immune system. Often biology and 
pathobiology are not clearly separated. 

As shown above, this brief review will distinguish three 
aspects of the topic sympathetic nervous system and 
pain: 

1. Reactions of the sympathetic nervous system in 
pain. This addresses the autonomic reactions dur¬ 
ing pain and includes reflexes to noxious stimula¬ 
tion and adaptive reactions during pain. 

2. Peripheral mechanisms underlying coupling (cross¬ 
talk) from sympathetic (noradrenergic) neurons to 
afferent neurons in the generation of pain. This con¬ 
sists of two types of coupling, coupling related to ex¬ 
citation of the sympathetic postganglionic neurons 
and release of noradrenaline and coupling indepen¬ 
dent of excitation and noradrenaline release. 


Sympathetic Nervous System and Pain, Table 1 Sympathetic Nervous System and Pain 

1. Reactions of the sympathetic nervous system in pain Protective spinal reflexes 

Fight, flight and quiescence organized at the level of the periaqueductal 
gray 

2. Role of the sympathetic nervous system in the generation of pain Coupling after nerve lesion (noradrenaline, a-adrenoceptors) 
Sympathetic-afferent coupling in the periphery 

Coupling via the micromilieu of the nociceptor and the vascular bed 

Sensitization of nociceptors mediated by sympathetic terminals indepen¬ 
dent of excitation and release of noradrenaline 

Sensitization of nociceptors initiated by cytokines or nerve growth factor 
and mediated by sympathetic terminals 

3. Sympathetic nervous system and central mechanisms Sympatho-adrenal system and nociceptor sensitization 

Control of inflammation and hyperalgesia by sympathetic and neu¬ 
roendocrine mechanisms 

Sympathetic nervous system and CRPS 
Sympathetic nervous system and immune system 
Sympathetic nervous system and rheumatic diseases 


References for 1. Bandler and Shipley (1994), Bandler et al (2000a,b) 

for 2. Baron and Janig 2001, Janig (2005), Janig and Habler (2000), Janig and Koltzenburg (1991), Janig and Levine (2005) 

for 3. Janig and Baron (2002, 2003, 2004), Janig and Habler (2000a), Janig et al (2000), Janig and Levine (2005), Straub and Harle (2005), Straub 

et al (2005) 
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3. Central aspects of the role of the sympathetic ner¬ 
vous sy stemin the generation of pain. This aspect in¬ 
cludes the sympathetic-afferent coupling discussed 
before. However, based on observations on patients 
and animal experimentation, whether change of ac¬ 
tivity in sympathetic noradrenergic neurons or of 
the sympatho-adrenal system generated in the brain 
contributes directly or indirectly to hyperalgesia and 
inflammation will be considered. 

The role of the sympathetic nervous system and its 
transmitters in chronic inflammation (such as rheuma¬ 
toid arthritis) and its interaction with the peptider¬ 
gic afferent innervation as well as the hypothalamo- 
pituitary-adrenal system will not be discussed. The ex¬ 
perimental investigation of these control mechanisms 
is just beginning (Straub and Harle 2005; Straub et al. 
2005). 

Biology of the Sympathetic Nervous System 

The peripheral sympathetic nervous system is by def¬ 
inition an efferent system, consisting in the periphery 
of many functionally distinct pathways that transmit 
the impulse activity from the spinal cord to the effec¬ 
tor cells. These pathways are separate from each other 
and functionally distinct with respect to the effector 
cells, as is the impulse transmission in the sympathetic 
ganglia and at the neuroeffector junctions to the ef¬ 
fector cells. Each peripheral sympathetic pathway is 
connected to distinct neuronal networks in the spinal 
cord, brain stem and hypothalamus that generate the 
typical discharge patterns in the sympathetic neurons 
and are responsible for the precise regulation of the tar¬ 
get organs (cardiovascular regulation, thermoregula¬ 
tion, regulation of pelvic organs, regulation of gastroin¬ 
testinal tract and so forth). The autonomic regulation 
in which the sympathetic nervous system is involved 
is represented in these central networks (Janig 2006; 
Janig and McLachlan 2002). The precise anatomical, 
histochemical and functional organization of the sym¬ 
pathetic nervous system, in the periphery and in the 
brain, often receives insufficient attention in studies of 
the functioning of this system under pathobiological 
conditions. 

Although primary afferent neurons innervating vis¬ 
ceral organs are indispensable to understanding auto¬ 
nomic regulations, they are neither sympathetic nor 
parasympathetic nor autonomic, but simply visceral af- 
ferents (specified as spinal or vagal). Biological criteria 
to label these afferents specifically as sympathetic or 
parasympathetic are lacking (Janig 2006). 

Reactions of the Sympathetic Nervous System in Pain 

Any acute, but possibly also chronic, tissue damag¬ 
ing stimulus affects the sympathetic nervous system. 


Neurons of sympathetic systems exhibit generalized 
and specific reactions to these stimuli. The general¬ 
ized reactions probably only occur in certain types of 
sympathetic system (e.g. muscle vasoconstrictor, vis¬ 
ceral vasoconstrictor, sudomotor neurons or sympa¬ 
thetic cardiomotor neurons) but are weak or absent in 
other systems (e.g., sympathetic systems to pelvic or¬ 
gans). They are organized in spinal cord, brain stem 
(medulla oblongata, mesencephalon) and hypothala¬ 
mus and are probably best understood as components 
of the different patterns of defense behavior, such as 
“confrontational defense” “flight” and “quiescence” 
Confrontational defense and flight are typical of an ac¬ 
tive defense strategy when animals encounter threat¬ 
ening stimuli which are potentially injurious for the 
body, confrontational defense leading potentially to 
fight and flight to forward avoidance. Both patterns 
are represented in the lateral and dorsolateral periaque¬ 
ductal grey of the mesencephalon, activated from the 
body surface or cortex and associated with endoge¬ 
nous non-opioid analgesia, hypertension and tachy¬ 
cardia. Quiescence is similar to the natural reactions 
of mammals to serious injury and chronic pain oc¬ 
curring particularly in the deep and visceral body do¬ 
mains. It is represented in the ventrolateral periaque¬ 
ductal grey, activated from the deep (somatic and vis¬ 
ceral) body domains and consists of hyporeactivity, 
hypotension, bradycardia and an endogenous opioid 
analgesia. These stereotyped preprogrammed elemen¬ 
tary behaviors and their association with the endoge¬ 
nous control of analgesia enable the organism to cope 
with dangerous situations that are always accompa¬ 
nied by pain or impending pain. The dorsolateral, lat¬ 
eral and ventrolateral columns of the periaqueduc¬ 
tal grey have distinct reciprocal connections with the 
autonomic centers in the lower brain stem and hy¬ 
pothalamus that differentially regulate the activity in 
neurons of the sympathetic pathways. They are un¬ 
der differential control of the medial and orbital pre¬ 
frontal cortex (Bandler and Shipley 1994; Bandler et 
al. 2000a; Bandler et al. 2000b; Keay and Bandler 
2004). 

There are also more localized and distinct reactions 
of the sympathetic nervous system to noxious stimuli 
that are organized within the spinal cord and trigeminal 
nucleus and in the periphery, i.e. somato-sympathetic, 
viscero-sympathetic and viscero-visceral reflexes. 
For example, cutaneous vasoconstrictor neurons ex¬ 
hibit distinct inhibitory reflexes to noxious stimuli 
of the territories innervated by these neurons. The 
hypothalamo-mesencephalic and the spinal level of 
integration are presumably protective under normal 
biological conditions and are associated with activa¬ 
tion of the adreno-cortical system by the hypothalamo- 
hypophyseal axis (Janig 2006). 
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Role of the Sympathetic Nervous System in the Gener¬ 
ation of Pain 

In this section mechanisms will be discussed by way 
of which sympathetic noradrenergic neurons may be 
coupled directly or indirectly to primary afferent neu¬ 
rons in the periphery leading to their excitation and / or 
change of their excitability. This sympathetic-afferent 
coupling is either dependent on the activity in the sym¬ 
pathetic neurons, but not necessarily on an increase of 
this centrally generated activity or entirely independent 
of activity and release of noradrenaline. The latterfunc- 
tion of the sympathetic noradrenergic neuron is entirely 
different from its function to transmit impulses to target 
cells. 

Physiological Conditions 

Under physiological conditions there exists almost no 
influence of sympathetic activity on sensory neurons 
projecting to skin and deep somatic tissues in mam¬ 
mals. The effects that have been measured under ex¬ 
perimental conditions on receptors with myelinated 
and unmyelinated axons were weak and can in part be 
explained by changes in the effector organs (erector 
pili muscles, blood vessels) induced by the activation 
of sympathetic neurons. These rather negative results 
do not rale out that noradrenaline or co-localized sub¬ 
stances released by the postganglionic terminals have 
secondary long-term effects on the excitability of sen¬ 
sory receptors, although there is no experimental evi¬ 
dence for this (Janig and Koltzenburg 1991). 


Sympathetic-afferent Coupling Dependent on Activity in Sym¬ 
pathetic Neurons 

Pain being dependent on activity in sympathetic neu¬ 
rons is called sympathetically maintained pain (SMP) 
(Stanton-Hicks et al. 1995). SMP is a symptom and in¬ 
cludes generically spontaneous pain and pain evoked 
by mechanical or thermal stimuli. It may be present in 
the complex regional pain syndromes (CRPS) type I 
and type II and in other neuropathic pain syndromes 
(Stanton-Hicks et al. 1995). The idea about the in¬ 
volvement of the (efferent) sympathetic nervous sys¬ 
tem in pain is based on various clinical observations, 
which have been documented in the literature for tens 
of years (Harden et al. 2001). Representative of these 
multiple observations on patients with SMP are quan¬ 
titative experimental investigations (Ali et al. 2000; 
Baron et al. 2002; Price et al. 1998; Torebjork et al. 
1995). These experiments demonstrate that (1) sym¬ 
pathetic postganglionic neurons can be involved in 
the generation of pain, (2) blockade of the sympa¬ 
thetic activity can relieve the pain, (3) noradrenaline 
injected intracutaneously is able to rekindle the pain 
(► sympathetically maintained pain, clinical pharma¬ 
cological tests; ► sympathetically maintained pain in 
CRPS I, human experimentation; ► sympathetically 
maintained pain in CRPS II, human experimenta¬ 
tion) and (4) a-adrenoceptor blockers or guanethidine 
(which depletes noradrenaline from its stores) may 
relieve the pain (Arner 1991) (see ► sympathetically 
maintained pain in CRPS II, human experimenta¬ 
tion). 



Sympathetic Nervous System and Pain, Figure 1 Concept of generation of peripheral and central hyperexcitability during inflammatory pain and 
neuropathic pain. The upper interrupted arrow indicates that the central changes are generated (and possibly maintained) (a) by persistent activation 
of nociceptors with C-fibers (e.g. during chronic inflammation) called here “central sensitization” and (b) after trauma with nerve lesion by ectopic 
activity and other changes in lesioned afferent neurons called here “central hyperexcitability”. The lower interrupted arrow indicates the efferent 
feedback via the sympathetic nervous system and neuroendocrine systems (e.g. the sympatho-adrenal system). Primary afferent nociceptive neurons 
(in particular those with C-fibers) are sensitized during inflammation. After nerve lesion, all lesioned primary afferent neurons (unmyelinated as 
well as myelinated ones) undergo biochemical, physiological and morphological changes which become irreversible with time. These peripheral 
changes entail changes in the central representation (of the somato-sensory system), which become irreversible if no regeneration of primary afferent 
neurons to their target tissue occurs. The central changes, induced by persistent activity in afferent nociceptive neurons or after nerve lesions are 
also reflected in the efferent feedback systems that may establish positive feedback to the primary afferent neurons. 
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The interpretation of these data is that nociceptors are 
excited and possibly sensitized by noradrenaline re¬ 
leased by the sympathetic fibers. Either the nociceptors 
have expressed adrenoceptors and / or the excitatory ef¬ 
fect is generated indirectly, e.g. via changes in blood 
flow. Sympathetically maintained activity in nocicep¬ 
tive neurons may generate a state of ► central sensiti¬ 
zation /hyperexcitability, leading to spontaneous pain 
and secondary evoked pain (mechanical and possibly 
cold allody nia) (Janig and B aron 2001; Janig and B aron 
2002) (Fig. 1). 


Coupling after Nerve Lesion via Noradrenaline and 
a-Adrenoceptors 

The coupling between sympathetic postganglionic 
neurons and primary afferent neurons following 
trauma with nerve lesion that underlies SMP may oc¬ 
cur in several ways (Fig. 2a), at the lesion site, along 
the nerve or in the dorsal root ganglion. The affer¬ 
ent activation is mediated by noradrenaline released 
by the postganglionic axons and by a-adrenoceptors 
expressed by the afferent neurons. Primary afferent 
nociceptive as well as non-nociceptive neurons may 
be affected (► sympathetic-afferent coupling in the 
afferent nerve fiber, neurophysiological experiments). 
Coupling in the dorsal root ganglion occurs almost 
exclusively to large diameter afferent cell bodies. The 
underlying mechanisms are change of blood flow (gen¬ 
erating hypoxia?) and possibly a direct effect by release 
of noradrenaline. It is debatable whether this coupling 
is important in patients with SMP following trauma 
with nerve lesion. Coupling along the lesioned nerve 
is still hypothetical. However, in view of the experi¬ 
mental observation showing that peptidergic (afferent) 
and postganglionic (noradrenergic) neurons undergo 
continuous sprouting in a lesioned nerve proximal to 
the nerve lesion over >100 days (Barrett and McLach- 
lan 1999) this mechanism is a realistic possibility and 
needs to be examined. The coupling may also occur 
indirectly by changes in the micromilieu of the le¬ 
sioned primary afferent neurons (e.g. by changes of 
blood flow in the dorsal root ganglion or in the le¬ 
sioned nerve; see also ► sympathetic-afferent cou¬ 
pling in the afferent nerve fiber, neurophysiological 
experiments). 

Experiments supporting these ideas have been per¬ 
formed on human models, on animal behavioral 
models and on reduced animal models in vivo 



Sympathetic Nervous System and Pain, Figure 2 Ways hypothesized 
to couple sympathetic and primary afferent neurons following periph¬ 
eral nerve lesion (a) or during inflammation (b to d). (a) These types of 
coupling depend on the activity in the sympathetic neurons and on the 
expression of functional adrenoceptors by the afferent neurons or me¬ 
diation indirectly via the blood vessels (blood flow). It can occur in the 
periphery, in the dorsal root ganglion or possibly also in the lesioned 
nerve, (b) The inflammatory mediator bradykinin acts at B 2 receptors 
in the membrane of the sympathetic varicosities or in cells upstream 
of these varicosities, inducing release of prostaglandin E 2 (PGE 2 ) and 
sensitization of nociceptors. This way of coupling is probably not de¬ 
pendent on activity in the sympathetic neurons, (c) Nerve growth factor 
released during an experimental inflammation reacts with the high affin¬ 
ity receptor for trkA in the membrane of the sympathetic varicosities, 
inducing release of an inflammatory mediator or inflammatory mediators 
and sensitization of nociceptors. This effect is possibly not dependent on 
activity in the sympathetic neurons, (d) Activation of the adrenal medulla 
by sympathetic preganglionic neurons leads to release of adrenaline, 
which generates sensitization of nociceptors. The ? in (b) and (c) indi¬ 
cates that PGE 2 or other inflammatory mediators may be released by 
cells other the sympathetic varicosities. Modified from Janig and Habler 
(2000). 


Coupling via the Micromilieu of the Nociceptor 


and in vitro (► sympathetically maintained pain in 
CRPS I, human experimentation ► sympathetic ner¬ 
vous system in the generation of pain, animal be¬ 
havioral models) (Janig and Habler 2000; Harden 
et al. 2001; Janig and Baron 2001; Janig and Baron 
2002 ). 


After trauma without nerve lesion, the sympathetic ac¬ 
tivity may be mediated indirectly to the afferent neu¬ 
rons (i.e., by way of the vascular bed or other mech¬ 
anisms). The most convincing experiment supporting 
this idea was conducted by B aron et al. (2002) on CRPS 
type I patients with SMP. These patients show that SMP 
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in the skin is enhanced if activity in cutaneous vasocon¬ 
strictor neurons is increased (e.g., generated by central 
cooling). However, the difference in SMP between the 
states of whole body cooling and whole body warm¬ 
ing is significantly smaller than the decrease of SMP 
following sympathetic block. This important observa¬ 
tion argues that the coupling between sympathetic and 
nociceptive afferent neurons mainly occurs in the deep 
somatic tissues (► sympathetically maintained pain in 
CRPS I, human experimentation). An animal model to 
study this important way of coupling does not exist and 
has to be designed. 

Sensitization of Nociceptors Mediated by Sympathetic Termi¬ 
nals Independent of Excitation and Release of Noradrenaline 

In the rat, the withdrawal threshold to stimulation of the 
hind paw with a linearly increasing mechanical stim¬ 
ulus applied to the dorsum of the paw decreases dose 
dependently after intradermal injection of the inflam¬ 
matory mediator bradykinin (an octapeptide cleaved 
from plasma 012-globulins by kallikreins circulating in 
the plasma) (Figs. 2b, 3). Following a single injection of 
bradykinin, this decrease lasts for more than 1 hour for 
mechanical stimulation. This type of mechanical hy- 
peralgesic behavior is mediated by the B2 bradykinin 
receptor (Khasar et al. 1995) and is not present when 
bradykinin is injected subcutaneously (Khasar et al. 
1993). Bradykinin-induced hyperalgesic behavior is 
blocked by the cyclooxygenase inhibitor indomethacin 
and therefore mediated by a prostaglandin (probably 
PGE2) that sensitizes nociceptors for mechanical stim¬ 
ulation (Fig. 3). However, in vagotomized rats in which 
the bradykinin- induced mechanical hyperalgesia is 
significantly enhanced (probably due to adrenaline re¬ 
leased by the activated adrenal medulla; Khasar et 
al. 1998a; Khasar et al. 1998b) (see ► sympatho¬ 
adrenal system and mechanical hyperalgesic behav¬ 
ior, animal experimentation), indomethacin has al¬ 
most no effect on bradykinin-induced hyperalgesia. 
This failure is not related to a switch from B2- to 
B ' receptor subtype because the selective B ' receptor 
agonist des-Arg9-BK failed to produce hyperalgesia 
in vagotomized rats (Khasar et al. 1998a). This shows 
that bradykinin-induced hyperalgesia may not be me¬ 
diated by prostanoids in vagotomized rats. This novel 
and interesting finding needs to be followed up exper¬ 
imentally. 

The decrease in paw withdrawal threshold provided 
by bradykinin is significantly reduced after surgical 
sympathectomy. This shows that the sympathetic in¬ 
nervation of the skin is involved in the sensitization of 
nociceptors for mechanical stimulation. Interestingly, 
decentralization of the lumbar paravertebral sympa¬ 
thetic ganglia (denervating the postganglionic neurons 
by cutting the preganglionic sympathetic axons) does 
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Sympathetic Nervous System and Pain, Figure 3 Mechanical hyper¬ 
algesic behavior and sympathetic innervation. Bradykinin-induced hy¬ 
peralgesia in sympathectomized (squares; n = 12 hind paws) and sham 
sympathectomized (circles; n = 6 hind paws) rats and in rats with de¬ 
centralized lumbar sympathetic chains (preganglionic axons in lumbar 
sympathetic chain interrupted 8 days before, diamonds; n = 10 paws). 
Sham sympathectomy and sympathetic decentralization were both sig¬ 
nificantly different from the sympathectomy groups (P <0.01). 


not abolish bradykinin-induced mechanical hyperal¬ 
gesic behavior (Fig. 3). This indicates that the sensi¬ 
tizing effect of bradykinin is not dependent on activity 
in the sympathetic neurons innervating skin and there¬ 
fore not dependent on release of noradrenaline (Janig 
and Habler 2000; Khasar et al. 1998a). It is believed 
that bradykinin stimulates the release of prostaglandin 
from the sympathetic terminals (Gonzales et al. 1989). 
However this release could also occur from other cells 
in association with the sympathetic terminals in the 
skin. Evidence for sensitization of cutaneous nocicep¬ 
tors to mechanical stimulation by bradykinin is poor or 
absent (Treede et al. 1992). Some sensitization to me¬ 
chanical stimulation by bradykinin has been demon¬ 
strated for afferents from the knee j oint (Neugebauer et 
al. 1989) and from skeletal muscle (Mense and Meyer 
1988). 

Mechanical hyperalgesic behavior generated by in- 
tracutaneous injection of bradykinin is an interesting 
phenomenon. However, the conventional explanation 
that this mechanical hyperalgesia is due to prostanoids 
sensitizing nociceptors since indomethacin prevents 
it appears to be too simple. The reasons are (1) the 
novel finding that sympathetic fibers mediate this hy¬ 
peralgesia independent of neural activity and release 
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of noradrenaline, (2) indomethacin does not block 
this behavior under certain conditions (e.g., when the 
adrenal medullae are activated after vagotomy; Khasar 
et al. 1998a) and (3) sensitization of nociceptors by 
bradykinin is weak or absent. Thus this phenomenon 
has to be reinvestigated using a rigorous experimental 
approach. 

Sensitization of Nociceptors Initiated by Cytokines or Nerve 
Growth Factor Possibly Mediated by Sympathetic Terminals 
Nerve Growth Factor 

Systemic injection of nerve growth factor (NGF) is 
followed by a transient thermal and mechanical hy¬ 
peralgesia in rats (Lewin et al. 1993, 1994) and hu¬ 
mans (Petty et al. 1994). During experimental inflam¬ 
mation (evoked by Freundt’s adjuvant in the rat hind 
paw), NGF increases in the inflamed tissue in parallel 
with the development of thermal and mechanical hy¬ 
peralgesia (Donnerer et al. 1992; Woolf et al. 1994). 
Both are prevented by anti-NGF antibodies (Lewin et 
al. 1994; Woolf et al. 1994). The mechanisms respon¬ 
sible are sensitization of nociceptors via high affin¬ 
ity NGF-receptors (trkA receptors) and an induction 
of increased synthesis of calcitonin gene related pep¬ 
tide (CGRP) and substance P in the afferent cell bodies 
by NGF taken up by the afferent terminals and trans¬ 
ported to the cell bodies. The NGF-induced sensitiza¬ 
tion of nociceptors also seems to be mediated indirectly 
by the sympathetic postganglionic terminals. Heat and 
mechanical hyperalgesic behavior generated by local 
injection of NGF into the skin is prevented or signifi¬ 
cantly reduced after chemical or surgical sympathec¬ 
tomy (Andreev etal. 1995; Woolf etal. 1996). These ex¬ 
periments suggest that NGF released during inflamma¬ 
tion by inflammatory cells acts on the sympathetic ter¬ 
minals via high affinity trkA receptors, inducing the re¬ 
lease of inflammatory mediators and subsequently sen¬ 
sitization of nociceptors to mechanical and heat stim¬ 
uli (Fig. 2c) (Janig and Habler 2000; McMahon 1996; 
Woolf 1996). It is unclear whether this sensitization of 
nociceptors mediated by terminal sympathetic nerve 
fibers (1) is dependent on activity in the sympathetic 
neurons, release of noradrenaline and adrenoceptors 
expressed in the nociceptive afferent neurons or (2) is 
independent of activity and release of noradrenaline. 

Proinflammatory Cytokines 

Based on behavioral experiments conducted on rats 
(studying mechanical and heat hyperalgesia), it has 
been shown that tissue injury, injection of the bacte¬ 
rial cell wall endotoxin lipopolysaccharide or injec¬ 
tion of carrageenan (a plant polysaccharide) stimulates 
tissue inflammation and leads to sensitization of no¬ 
ciceptors. Systematic pharmacological interventions 


using blockers or inhibitors of the various mediators 
demonstrated that the proinflammatory cytokines, tu¬ 
mor necrosis factor a (TNFa), interleukin (IL)-l, IL- 
6 and IL-8 may be involved in this process of sensiti¬ 
zation and therefore in the generation of hyperalgesia 
(Poole etal. 1999; Sachs etal. 2002; Woolf etal. 1996; 
Woolf et al. 1997). Pathogenic stimuli lead to activation 
of resident cells, the release of the inflammatory media¬ 
tor bradykinin and other mediators. The inflammatory 
mediators and the pathogenic stimuli themselves ac¬ 
tivate macrophages, monocytes and other immune re¬ 
lated cells. These cells release TNFa, which generates 
sensitization of nociceptors by two possible pathways 
(Fig. 4). (1) It induces production of IL-6 and IL-1P by 
immune cells; IL-6 enhances the production of IL-ip. 
These interleukins stimulate cyclooxygenase 2 (COX 
2) and the production of prostaglandins (PGE2, PGI2), 
which in turn react with the nociceptive terminal via 
E-type prostaglandin receptors. (2) It induces the re¬ 
lease of IL-8 from endothelial cells and macrophages. 
IL-8 reacts with the sympathetic terminals that are sup¬ 
posed to mediate sensitization of nociceptive afferent 
terminals by release of noradrenaline to act via P2- 
adrenoceptors. These two peripheral pathways involv¬ 
ing cytokines, by which nociceptive afferents can be 
sensitized, are under the inhibitory control of circulat¬ 
ing glucocorticoids (indicated by asterisks in Fig. 4) 
and of other, anti-inflammatory, interleukins (e.g. IL- 
4 and IL-10 indicated by # in Fig. 4). 

It is important to emphasize that the mechanisms in¬ 
volving NGF, proinflammatory cytokines and nora¬ 
drenergic sympathetic postganglionic fibers in the sen¬ 
sitization of nociceptive afferents have been deduced 
on the basis of behavioral and pharmacological exper¬ 
iments. Proof of such interaction by directly assess¬ 
ing the activity of nociceptors with electrophysiologi- 
cal techniques and of the effect of noradrenergic nerve 
fibers on the afferent nerve fibers are lacking. These 
experiments have to be done. 

Sympathetic Nervous System and Central Mechanisms 
in the Control of Hyperalgesia and Inflammation 

The question to be addressed here is can centrally gen¬ 
erated signals channeled through peripheral sympa¬ 
thetic pathways modulate sensitivity of nociceptors 
and inflammation? The hypothetical mechanisms in¬ 
volved may include and overlap with the peripheral 
mechanisms discussed in the foregoing section. 

Sympatho-adrenal System and Nociceptor Sensitization 

Activation of the sympatho-adrenal system (adrenal 
medulla, e.g. by release of the central sympathetic cir¬ 
cuits from vagal inhibition), but not of the sympatho- 
neural system generates mechanical hyperalgesia and 
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Sympathetic Nervous System and Pain, Figure 4 Role of cytokines 
in sensitization of nociceptors during inflammation and the underlying 
putative mechanisms leading to hyperalgesia. Pathogenic stimuli acti¬ 
vate resident cells and lead to release of inflammatory mediators (such 
as bradykinin). Pro-inflammatory cytokines are synthesized and released 
by macrophages and other immune or immune related cells. Nociceptors 
are postulated to be sensitized by two pathways involving the cytokines: 
(1) Tumor necrosis factor a (TNFa) induces synthesis and release of inter¬ 
leukin 1 (IL-1) and IL-6 which, in turn, induce the release of eicosanoids 
(prostaglandin E 2 and l 2 [PGE 2 , PGI 2 ]) by activating the cyclo-oxygenase- 
2 (COX-2). (2) TNFa induces synthesis and release of IL-8. IL-8 activates 
sympathetic terminals that sensitize nociceptors via p 2 -adrenoceptors. 
Glucocorticoids inhibit the synthesis of the cytokines and the activation 
of COX-2 (indicated by asterisks). Anti-inflammatory cytokines (such as 
IL-4 and IL-10) that are also synthesized and released by immune cells 
inhibit the synthesis and release of pro-inflammatory cytokines (indicated 
by #). This scheme is entirely dependent on behavioral experiments and 
pharmacological interventions. The different steps will need to be veri¬ 
fied experimentally using neurophysiological experiments. Modified from 
Poole et al. (1999). 


Application of adrenaline through a minipump over 
days enhances the slow development of mechanical hy¬ 
peralgesia. Furthermore, continuous application of a 
P2-adrenoceptor blocker by way of a minipump pre¬ 
vents the enhancement of bradykinin-induced hyper- 
algesic behavior generated by activation of the adrenal 
medullae (Khasar et al. 2003) (see ► sympatho-adrenal 
system and mechanical hyperalgesic behavior, animal 
experimentation) . 

The results of this experiment are interpreted in the 
following way. Adrenaline released by persistent ac¬ 
tivation of the adrenal medullae sensitizes cutaneous 
nociceptors to mechanical stimuli. This sensitization 
of nociceptors and its reversal are slow and take days 
to develop. The slow time course implies that the 
nociceptor sensitization cannot be acutely blocked 
by an adrenoceptor antagonist given intracutaneously. 
Adrenaline probably does not act directly on the cu¬ 
taneous nociceptors, but on cells in the microenvi¬ 
ronment of the nociceptors, inducing slow changes 
which result in nociceptor sensitization. Candidate 
cells may be mast cells, macrophages or keratinocytes, 
which then release substances that generate sensitiza¬ 
tion (Janig and Habler 2000; Janig et al. 2000; Khasar 
et al. 1998b). The change in sensitivity of a popula¬ 
tion of nociceptors generated by adrenaline released 
by the adrenal medullae, which is regulated by the 
brain would be a novel mechanism of sensitization. 
This novel mechanism would be different from mech¬ 
anisms that lead to activation and / or sensitization of 
nociceptors by sympathetic-afferent coupling as dis¬ 
cussed above (Fig. 2). 

This novel mechanism of pain and hyperalgesia involv¬ 
ing the sympatho-adrenal system may operate in ill- 
defined pain syndromes such as irritable bowel syn¬ 
drome, functional dyspepsia, fibromyalgia, chronic 
fatigue syndrome, etc. (Clauw and Chrousos 1997; 
Mayer et al. 1995; Wolfe et al. 1990). The conclusions 
on long-term sensitization of nociceptors for mechan¬ 
ical stimulation by adrenaline are indirect and rest en¬ 
tirely on behavioral experiments. Neurophysiological 
experiments in vivo on primary afferent nociceptive 
neurons are required to test whether all or only a sub¬ 
population of nociceptors are sensitized (► sympatho¬ 
adrenal system and mechanical hyperalgesic behavior, 
animal experimentation). 


enhances bradykinin-induced mechanical hyperalge¬ 
sia (decrease of paw withdrawal threshold to mechan¬ 
ical stimulation of the skin). Both develop over 7 to 
14 days following activation of the adrenal medullae 
and reverse slowly after denervation of the adrenal 
medullae (Khasar et al. 1998a; Kha sar et al. 1998b). 


Sympathetic Nervous System and Complex Regional Pain 
Syndrome Type I 

Complex regional pain syndromes (CRPS) are painful 
disorders that may develop as a consequence of trauma 
typically affecting the limbs. Clinically they are char¬ 
acterized by pain (spontaneous, hyperalgesia, allody- 
nia), active and passive movement disorders including 
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an increased physiological tremor, abnormal regula¬ 
tion of blood flow and sweating, edema of skin and 
subcutaneous tissues and trophic changes of skin, ap¬ 
pendages of skin and subcutaneous tissues (Harden 
et al. 2001; Janig and Baron 2002, 2003; Janig and 
Stanton-Hicks 1996; Stanton-Hicksetal. 1995). CRPS 
type I (previously called reflex sympathetic dystro¬ 
phy) usually develops after minor trauma with a small 
or no obvious nerve lesion in an extremity (e.g. bone 
fracture, sprains, bruises or skin lesions, surgery) and 
rarely after remote trauma in the visceral domain or af¬ 
ter a CNS lesion (e.g. stroke). An important feature of 
CRPS I is that the severity and combination of clini¬ 
cal symptoms are disproportionate to the severity and 
type of trauma with a tendency to spread in the af¬ 
fected distal limb. The symptoms are not confined to 
the innervation zone of an individual nerve. CRPS type 
II (previously called causalgia) develops after trauma 
usually with a large nerve lesion (Harden et al. 2001; 
Janig and Stanton-Hicks 1996; Stanton-Hicks et al. 
1995). 

Recently, it was proposed, on the basis of clinical obser¬ 
vations and research on humans and animals that CRPS 
(in particular type I) is a systemic disease involving the 
central and peripheral nervous system (Fig. 5). Vari¬ 
ous traumas can trigger variable combinations of clin¬ 
ical phenomena in which the somatosensory system, 
the sympathetic nervous system, the somatomotor sys¬ 
tem and peripheral (vascular, inflammatory) systems 
are involved (Harden et al. 2001; Janig andBaron 2002; 
Janig andBaron 2003). These authors proposed that the 
central representations of the sensory, motor and sym¬ 
pathetic systems are changed. The central changes are 
reflected in changes of somatic sensations (changes of 
detection thresholds for mechanical, cold, warm and 
heat), of motor performances and of autonomically 
regulated effector systems (vasculature, sweat glands, 
inflammatory cells etc.). The peripheral changes can¬ 
not be seen independently of the central ones; both in¬ 
teract with each other via afferent and efferent signals. 
Furthermore, the mechanisms that underlie CRPS can¬ 
not be reduced to one system or to one mechanism only 
(e.g., to sympathetic-afferent coupling, to an adreno¬ 
ceptor disease, to a peripheral inflammatory disease or 
to apsychogenic disease) (Harden et al. 2001; Janig and 
Baron 2002; Janig and Baron 2003). 

The centrally generated activity in sympathetic neu¬ 
rons may be involved in various ways in the patho¬ 
genesis of CRPS type I, the main argument being that 
these changes are reversed or aggravated after inter¬ 
vention in the peripheral sympathetic nervous system 
(Fig. 5). Three points that are relevant in the present 
context of sympathetic nervous system, pain and body 
protection need to be emphasized for CRPS type I with 
SMP: 



Sympathetic Nervous System and Pain, Figure 5 Schematic diagram 
summarizing the sensory, autonomic and somatomotor changes in com¬ 
plex regional pain syndrome I (CRPS I) patients. The figure symbolizes the 
CNS (forebrain, brain stem and spinal cord). Changes occur in the central 
representations of the somatosensory, the motor and the sympathetic 
nervous systems (which include the spinal circuits) and are reflected 
in changes in the sensory painful and non-painful perceptions, in cu¬ 
taneous blood flow and sweating and in motor performances. They are 
triggered and possibly maintained by the nociceptive afferent input from 
the somatic and visceral body domains. It is unclear whether these central 
changes are reversible in chronic CRPS I patients. These central changes 
possibly also affect the endogenous control system of nociceptive im¬ 
pulse transmission. Coupling between the sympathetic neurons and the 
afferent neurons in the periphery (see bold closed arrow) is one compo¬ 
nent of the pain in CRPS I patients with sympathetically maintained pain 
(SMP). However, it seems to be unimportant in CRPS I patients without 
SMP. Modified from Janig and Baron (2002, 2003). 


• In a subgroup of CRPS I patients, pain or a com¬ 
ponent of pain is obviously dependent on activ¬ 
ity in sympathetic neurons and related to activa¬ 
tion or sensitization of nociceptors by noradrenaline 
released by the sympathetic fibers (sympatheti¬ 
cally maintained pain, SMP). Either the nocicep¬ 
tors have expressed adrenoceptors (► sympathetic- 
afferent coupling in the dorsal root ganglion, neuro¬ 
physiological experiments ► sympathetic-afferent 
coupling in the afferent nerve fiber, neurophysio¬ 
logical experiments) and / or the excitatory effect is 
generated indirectly, e.g. by way of changes in blood 
flow in deep somatic tissues of an extremity (Baron 
et al. 2002). Sympathetically maintained activity in 
nociceptive neurons may generate a state of cen- 
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tral sensitization / hyperexcitability that is responsi¬ 
ble for spontaneous pain and secondary evoked pain 
(mechanical and cold allodynia). 

• Generation of swelling (edema) and inflammation 
may be due to sympathetic and peptidergic affer¬ 
ent fibers interacting at the arteriolar site (influenc¬ 
ing blood flow) and the venular site (influencing 
plasma extravasation) of the vascular bed. Sympa¬ 
thetic fibers are supposed to influence inflamma¬ 
tory cells (macrophages, mast cells) by way of no¬ 
radrenaline and adrenoceptors on the inflammatory 
cells (Fig. 5) (Janig and Baron 2002; Janig and 
Baron 2003). 

• Trophic changes in skin, appendages of skin and 
subcutaneous tissues (including joints and so forth) 
are believed to be dependent, at least in part, on 
the sympathetic innervation. The nature of this neu¬ 
ral influence on the tissue structure is unknown 
(Harden et al. 2001; Janig and Baron 2003; Janig 
and Stanton-Hicks 1996). 

These three groups of observation made on patients 
with CRPS I (who have no nerve lesion and by def¬ 
inition therefore no neuropathic pain) argue that the 
change of activity in sympathetic neurons entails pe¬ 
ripheral changes, which in turn may result in secondary 
activation and / or sensitization of primary afferent no¬ 
ciceptive neurons. The underlying mechanism(s) of 
this activation / sensitization of nociceptive afferent 
neurons may involve short- and long-term processes 
as discussed above. 

An important observation, in CRPS I patients with 
SMP (but possibly also in CRPS II patients with SMP) 
is that pain relief following conduction block of sympa¬ 
thetic neurons by a local anesthetic applied to the sym¬ 
pathetic chain usually outlasts the conduction block by 
at least an order of magnitude (days). This has been 
measured quantitatively by Price et al. (1998). The 
long-lasting pain relieving effect of sympathetic blocks 
suggests that activity in sympathetic neurons, which is 
of central origin maintains a positive feedback circuit 
via the primary afferent neurons that are probably no¬ 
ciceptive in function. Activity in sympathetic neurons 
maintains a central state of hyperexcitability (e.g., of 
neurons in the spinal dorsal horn) (Fig. 1), via excita¬ 
tion of afferent neurons started by an intense noxious 
event. The persistent afferent activity needed to main¬ 
tain such a state of central hyperexcitability is switched 
off during temporary block of conduction in the sym¬ 
pathetic chain lasting only a few hours and cannot be 
immediately switched on again when the block wears 
off and the activity in the sympathetic postganglionic 
neurons (and therefore probably also the sympatheti¬ 
cally induced activity in afferent neurons) returns. It is 
hypothesized that the afferent activity has to act over 


a long time to initiate and maintain the central state of 
hyperexcitability (via the positive feedback). This im¬ 
portant and interesting phenomenon needs to be stud¬ 
ied experimentally in patients with SMP as well as in 
animal models that still have to be designed. 

Sympathetic Nervous System and Immune System 

The hypothalamus can influence the immune system 
by way of the sympathetic nervous system and there¬ 
fore control protective mechanisms of the body at the 
cellular level (Besedovsky and del Rey 1995; Hori 
et al. 1995; Madden and Felten 1995; Madden et al. 
1995). The parameters of the immune tissues poten¬ 
tially controlled are proliferation, trafficking and circu¬ 
lation of lymphocytes, functional activity of lymphoid 
cells (e.g. activity of natural killer cells) and cytokine 
production, hematopoiesis of bone marrow, mucosal 
immunity and thymocyte development etc. (for de¬ 
tails of potential mechanisms see Elenkov et al. 2000). 
The mechanisms of this influence remain largely un¬ 
solved (Ader and Cohen 1993; Besedovsky and del Rey 
1995; Saphier 1993). It is unknown whether there ex¬ 
ists a functionally distinct sympathetic system from the 
brain to the immune system or whether the modulation 
of the immune system is a general function of the sym¬ 
pathetic nervous system. The more likely hypothesis 
favored by one of the present authors is that the im¬ 
mune system is modulated by the brain by way of a 
functionally distinct sympathetic pathway (for discus¬ 
sion see Janig and Habler 2000; Janig 2006). In both 
cases, it is hypothesized that activity in the sympathetic 
neurons supplying the immune system entails indirect 
modulation of the sensitivity of nociceptors, involving 
various types of immune related cells and their signal¬ 
ing molecules (e.g. cytokines, see above and Janig and 
Levine 2005). 

Conclusions 

Clinical observations, experimentation on humans and 
animal experimentation indicate that the sympathetic 
nervous system is potentially involved in the gener¬ 
ation of pain, hyperalgesia and inflammation, which 
should conceptually be seen in the frame of protection 
of body tissues. These functions of the sympathetic ner¬ 
vous system are different from its conventional func¬ 
tions, namely to transmit impulses from the brain to 
peripheral effector cells by distinct pathways. They in¬ 
clude: 

• Sympathetic-afferent coupling following trauma 
with or without nerve lesion; 

• Sensitization of nociceptors independent of action 
potential generation and noradrenaline release; 

• Sensitization of nociceptors by nerve growth factor 
and cytokines; 
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• Sensitization of nociceptors involving the sym- 
patho-adrenal system; 

• Neurogenic inflammation (e.g. in the knee joint and 
its control by neuroendocrine systems); 

• Modulation of the immune system by the sympa¬ 
thetic innervation; 

• Central changes in sympathetic pathways, which 
in turn constitute positive feedback circuits influ¬ 
encing the vasculature, tissue swelling and trophic 
structure of tissues. 

Multiple mechanisms are at the base of these effects of 
the sympathetic nervous system. Some have been stud¬ 
ied in animal models, but have no equivalent in clini¬ 
cal reality yet. Research on the role of the sympathetic 
nervous system in the generation of pain, hyperalge¬ 
sia and inflammation is a developing field. In future 
insight will be gained into these new mechanisms that 
probably underlie various pain diseases. 
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Definition 

Behavioral animal models are designed to test quan¬ 
titatively physiological as well as pathological (e.g. 
neuropathic) pain resulting from defined interventions, 
in intact animals or in animals subjected to defined inten¬ 
tional lesions, under conditions that are known to cause 
pain in humans. As pain cannot be measured directly in 
animals for obvious reasons, basic behavioral responses 
that are known normally to accompany pain are taken 
as an indicator of pain in non-anesthetized animals. 
Most often simple motor reflexes, e.g. paw withdrawal, 
or in some cases more complex motor responses, e.g. 


guarding behavior of the affected limb,are used to test 
stimulation-induced pain. To assess spontaneous pain 
in an animal, spontaneous abnormal motor behavior 
after an experimental intervention is quantified within 
a given time interval. To determine the presence of 
allodynia and/or hyperalgesia, noxious and innocuous 
stimuli of different modality at defined strengths (e.g. 
mechanical with calibrated von Frey hairs, graded heat 
stimuli) are applied to the body region of interest, and 
paw withdrawal latency or paw withdrawal threshold 
are determined. However, as motor responses are not 
specific for painful stimulation, one has to keep in mind 
that the validity of animal models of pain critically rests 
on the interpretation that the observed motor behavior 
is indeed a correlate of the animal experiencing pain. 
Several behavioral animal models have been developed 
of ► complex regional pain syndrome (CRPS) which 
may arise in humans with (CRPS II, formerly causal- 
gia) or without (CRPS I, formerly reflex sympathetic 
dystrophy) nerve lesion (see below). In a number of 
CRPS patients the pain is entirely or in part dependent 
on the sympathetic nervous system (sympathetically 
maintained pain, SMP). The behavioral animal models 
for CRPS allow the testing of the role of the sympathetic 
nervous system in these pathological pain states. To 
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this end, pain behavior is assessed before and after in¬ 
terventions that target the sympathetic nervous system. 
These interventions include surgical sympathectomy, 
chemical sympathectomy with 6-hydroxy-dopamine, 
systemic application of adrenoreceptor agonists or 
antagonists or systemic application of guanethidine 
(which is taken up by the noradrenergic terminals and 
depletes norepenephrine), the most straightforward 
procedure being surgical sympathectomy. 

Characteristics 

Models of CRPS I (With no Apparent Nerve Lesion) 

As the conditions underlying CRPS I in humans are still 
completely unknown, there is no animal model avail¬ 
able on which the pathophysiological mechanisms and 
the potential involvement of the sympathetic nervous 
system could be studied. However, rat models of in¬ 
flammatory pain and/or hyperalgesia may, in the future, 
also prove to be of relevance for the pathophysiological 
mechanisms underlying CRPS I. Several rat behavioral 
models of hyperalgesia have been propagated in which 
the sympathetic nervous system is supposed to be in¬ 
volved: (i) Cutaneous mechanical hyperalgesia elicited 
by the inflammatory mediator bradykinin, (ii) Cuta¬ 
neous hyperalgesia induced by intradermal injection 
of capsaicin, (iii) Cutaneous hyperalgesia generated by 
nerve growth factor (► Sympathetic nervous system 
and pain). 

Models of CRPS II (After Nerve Lesion) 

In several established rat models of neuropathic pain (be¬ 
lieved to be models of CRPS II) behavioral experiments 
have been performed before and after interventions on 
the sympathetic supply: Autotomy model (Wall et al. 
1979), partial sciatic nerve lesion (Seltzer et al. 1990), 
chronic constriction injury (CCI) of the sciatic nerve 
(Bennett and Xie 1988) and spinal nerve ligation (SNL) 
(Kim and Chung 1992): 

Autotomy Model 

Ligation and transection of the sciatic and saphe¬ 
nous nerves in rats leads to autotomy behavior (self- 
mutilation), which is considered to be due to pain 
arising in the denervated part of the hindlimb (anes¬ 
thesia dolorosa). Repeated intraperitoneal application 
of guanethidine prevented or significantly reduced the 
autotomy behavior (Wall et al. 1979). The decrease of 
self-mutilation was interpreted to mean that activity 
in sympathetic neurons maintains ectopic activity in 
lesioned afferent neurons, which in turn triggers the 
autotomy behavior. However, the effects of surgical 
sympathectomy on the autotomy behavior were never 
tested. 

Partial Sciatic Nerve Lesion 

Partial ligation (V3-V2) of the sciatic nerve leads to signs 
of spontaneous pain, thermal hyperalgesia, mechanical 


allodynia and mechanical hyperalgesia (Seltzer et al. 
1990), which partly also extended to the contralateral 
non-lesioned side. Chemical sympatholysis with re¬ 
peated intraperitoneal injection of guanethidine prior 
to nerve injury prevented thermal hyperalgesia from 
occurring, but changed mechanical hyperalgesia only 
little (Shir and Seltzer 1991). When performed months 
after nerve lesion, sympatholysis by guanethidine al¬ 
leviated all sensory disorders (Shir and Seltzer 1991). 
Consistent results were obtained by Tracey et al. (1995), 
who found that noradrenaline injected locally into the 
affected paw exacerbated, while the 012-adrenoceptor 
antagonist yohimbine significantly relieved, mechani¬ 
cal and thermal hyperalgesia, which was abolished by 
chemical sympathectomy with 6-hydroxy-dopamine. 
However, thermal and mechanical hyperalgesia were 
not enhanced by the 012-adrenoceptor agonist clonidine. 
Conflicting evidence came from Kim et al. (1997) who 
found only small and non-significant effects of surgical 
sympathectomy, performed one week after partial sci¬ 
atic nerve lesion on mechanical and cold allodynia and 
ongoing pain. 

Chronic Constriction Injury of the Sciatic Nerve 

Chronic constriction injury of the sciatic nerve gen¬ 
erates mechanical and thermal hyperalgesic behavior 
(Bennett and Xie 1988). Guilbaud and collaborators 
(Desmeules et al. 1995) found that surgical sympa¬ 
thectomy or depletion of sympathetic transmitters by 
guanethidine both resulted in a reduction of thermal hy¬ 
peralgesia, while mechanical hyperalgesia was slightly 
affected. Self-mutilating behavior and spontaneous 
pain behavior were not changed after guanethidine and 
surgical sympathectomy, respectively. However, only a 
small non-significant reduction of mechanical and cold 
allodynia was found after surgical sympathectomy in 
the model by Kim et al. (1997). Rats with cry oneuroly sis 
of the sciatic nerve also developed signs of mechanical 
allodynia but no thermal hyperalgesic behavior. Sur¬ 
gical sympathectomy performed prior to or after the 
cryoneurolysis did not influence the development or 
the maintenance of the mechanical allodynic behavior 
(Willenbring et al. 1995). 

Spinal Nerve Ligation 

Ligation and transection of the spinal nerves L5 and 
L6, or only the spinal nerve L5, is followed by behav¬ 
ioral signs of mechanical hyperalgesia and allodynia 
as well as thermal hyperalgesia (Blenk et al. 1997; 
Kim and Chung 1992). Some authors found that these 
pain behaviors were permanently reversed by surgi¬ 
cal lumbar sympathectomy (Kim et al. 1993; Kim et 
al. 1997; Kinnman and Levine 1995) (Fig. la), pre¬ 
vented from developing by surgical sympathectomy 
prior to spinal nerve lesion (Kim et al. 1993), and tem¬ 
porarily reversed by intraperitoneal injection of the 
a-adrenoreceptor antagonist phentolamine or guanethi- 
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dine (Kim et al. 1993). These findings suggested that a 
coupling between sympathetic noradrenergic neurons 
and afferent neurons is critical for the development and 
maintenance of the behavioral changes. However, there 
were considerable differences between rat strains and 
substrains in the development of signs of mechanical 
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allodynia and heat hyperalgesia (Yoon et al. 1996), and 
in the dependence of mechanical allodynic behavior on 
adrenoceptors. 

Completely discrepant observations were made by 
Ringkamp et al. (1999) (Fig. lb) who found that surgi¬ 
cal sympathectomy performed prior to or after spinal 
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< Sympathetic Nervous System in the Generation of Pain, Animal Behavioral Models, Figure 1 Effect of surgical sympathectomy on mechanical 
allodynic behavior in Sprague-Dawley rats (a) and Wistar rats (b) following ligation and section of spinal nerves L5&L6 (a) or spinal nerve L5 (b). Experiments 
in (a) from Kim et al. (1993) and experiments in (b) from Ringkamp et al. (1999). Mechanical allodynic behavior was tested by measuring response 
incidence and response threshold to stimulation of the plantar skin of the hindpaw ipsilateral to the spinal nerve lesion (filled symbols) and of the 
contralateral hindpaw (open symbols) with von Frey hairs. For testing the incidence of paw withdrawal the von Frey hair was applied repetitively 6-8 x 
within a period of 2-3 s (a) or 8 x (bl) with a frequency of about two per second to the plantar test area. Five or 10 trials were performed on each 
hindpaw and the number of trials with a withdrawal response was noted. The ordinate scale (in a and bl) shows the percentage of positive responses 
in groups of rats. The threshold of paw withdrawal (b2, b3) was measured using the up-down testing paradigm (for details see Ringkamp et al. 1999). 
Surgical sympathectomy (bilateral removal of lumbar paravertebral ganglia LI to L6 or L2-L4) was performed either after spinal nerve lesion (al, a2, 
bl, b2) or before spinal nerve lesion (a3, b3) using a medial or lateral approach, al, a2, bl, b2. Sympathectomy performed 7 days or 35 days (a2) after 
spinal nerve lesion. a3, b3. Sympathectomy performed 7 days prior to spinal nerve lesion. Values are means ± 1SEM in groups of 13 (al), 18 (a2), 9 
(a3), 10 (bl) or 4 rats (b3). Increase of response incidence and decrease in paw withdrawal threshold following spinal nerve lesion on the ipsilateral 
side were significant at p <0.05 (al, a2), p <0.001 (bl, b2) or p <0.01 (B3, Friedman ANOVA). Note that sympathectomy alleviated or prevented the 
development of the mechanical allodynic behavior in the experiments of Kim et al. (1993) but had no effect in the experiments of Ringkamp et al. (1999). 


nerve lesion had no effect on mechanical allodynic and 
hyperalgesic behavior in two different rat strains. 

Conclusion 

The controversial results, with respect to an involvement 
of the sympathetic nervous system in neuropathic pain, 
allodynia and hyperalgesia, obtained on the aforemen¬ 
tioned four animal behavioral models, indicate that at 
present we have no animal model that mimics SMP in 
patients with neuropathic pain (CRPS II) as defined by 
the clinical situation of patients. 
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Definition 

Sympathetic postganglionic neurons (SPGNs) are the 
final motor neurons of the autonomic nervous system 
and it has recently been appreciated that the sympathetic 
postganglionic nervous system plays a key role in the 
regulation of the inflammatory response. In particular, 
the SPGN mediates inflammation produced in the syn¬ 
ovia by the potent inflammatory mediator, bradykinin. 
The synovium may be unique in regards to the depen¬ 
dence on the SPGN in neurogenic inflammation, pos¬ 
sibly due to the density of SPGN innervation which ac¬ 
counts for between half and two-thirds of the nerve fibers 
in the synovium (Hildebrand et al. 1991; Langford and 
Schmidt 1983). 

The role of the SPGN has been extensively studied in the 
control of plasma extravasation, a primary component 
of the inflammatory response. This has established the 
SPGN as a constituent part of a multifaceted integrated 
system that also includes primary afferent neurons, mast 
cells, infiltrating leukocytes and blood vessels. 
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Characteristics 

SPGNs Are Involved in Synovial Inflammation 

The inflammatory mediator bradykinin produces a 
marked increase in plasma extravasation in the rat knee 
joint. Evidence over the past 20 years has demonstrated 
a role for the SPGN in synovial inflammation; specif¬ 
ically, either chemically ablating the sympathetic ner¬ 
vous system with guanethidine or 6-hydroxy-dopamine 
or surgical excision of postganglionic neurons (Coderre 
et al. 1989; Levine et al. 1985) attenuates the magnitude 
of baseline extravasation as well as plasma extravasa¬ 
tion produced by bradykinin infused into the knee joint. 
Bradykinin-induced synovial plasma extravasation is 
reduced by 60-70% 7-14 days following surgical sym¬ 


pathectomy (Fig. lc; Miao et al. 1996a; Miao et al. 
1996b). Importantly, at close to physiological levels 
(3-300 nM), bradykinin-induced increase in plasma 
extravasation is SPGN-dependent, while at >1 |iM, the 
increase in plasma extravasation is independent of the 
SPGN (Fig. 2). 

Mechanism of SPGN Synovial Inflammation 

The contribution of the SPGN to synovial inflammation 
is independent of classical vesicular neurotransmitter 
release, since bradykinin-induced plasma extravasa¬ 
tion is unaffected by decentralization of the lumbar 
sympathetic chain (ablating preganglionic axons that 
innervate the postganglionic neurons to the hind limb; 
closed circle in Fig. lc), acute interruption of the lumbar 



Sympathetic Postganglionic Neurons in Neurogenic Inflammation of the Synovia, Figure 1 Bradykinin-induced plasma extravasation in the synovia 
of the knee joint is largely dependent on the sympathetic innervation but not on activity in the sympathetic neurons, (a) The knee joint was perfused 
with saline in an anesthetized rat at a constant rate of 250 pi / min. Rats were pretreated with Evans blue dye given i.v. (Evans Blue binds to albumin 
and does not normally leave the vascular space). Plasma extravasation of the synovia into the knee joint cavity was determined by measuring Evans 
blue dye extravasation into the perfusate in 5 min samples. The concentration of Evans blue, determined spectrophotometrically at a wavelength of 
620 nm, is proportional to the degree of extravasation (ordinate scale in (c)). Bradykinin (BK, 160 ng / ml, 1.5 x 10 -7 M), an inflammatory mediator, was 
added to the perfusate 15 min after the beginning of the perfusion and the perfusion lasted for another 30 min. (b) Three preparations were used: intact 
lumbar sympathetic system; decentralized lumbar sympathetic system (preganglionic axons interrupted 7 days before the experiment by sectioning the 
white rami); surgical sympathectomy 14 days before the experiment (removal of the paravertebral ganglia (Baron et al. 1988)). (c) Increase of plasma 
extravasation induced by BK in control rats (open circles, N = 12 knees). This increase was significantly smaller 14 days after sympathectomy (closed 
squares, N = 12 knees) but was not significantly different from control after decentralization (closed circles, N = 12 knees). Inset: Baseline plasma 
extravasation over 15 min preceding infusion of BK was also lower in animals 4 days and 14 days after sympathectomy than in control animals(C). (c) 
modified from Miao et al. (1996a); (a) from Paul Green. 
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1993) are indicated in bold on the abscissa scale. In sympathectomized rats the extravasation is significantly reduced at 3 x 10 -8 to 3 x 10 -7 M 
bradykinin. At higher (pharmacological) concentrations sympathectomy has no effect because the effect of bradykinin is generated via other than the 
sympathetic-mediated pathways. Modified from Miao et al. (1996b). 


sympathetic chain, or perfusion of tetrodotoxin through 
the knee joint synovial cavity (Miao et al. 1996a). This 
indicates that mediators released in response to inflam¬ 
matory agents, such as bradykinin, are not dependent on 
the excitability of the SPGN, thus not on generation of 
action potentials and vesicular release of noradrenaline. 
These inflammatory agents rather are synthesized and 
released either from the SPGN terminal or from other 
cells in association with the SPGN terminal. Release of 
noradrenaline from the SPGN attenuates the increased 
magnitude of plasma extravasation. Activation of the 
sympathetic postganglionic neurons by electrical stim¬ 
ulation of the lumbar sympathetic chain reduces both 
resting and bradykinin-induced plasma extravasation 
because of a reduction of blood flow through the synovia 
(Miao et al. 1996a). 

These types of experiments suggest that sympathetic 
postganglionic neurons innervating the joint capsule 
and its synovium have two functions, to regulate blood 
flow (vasoconstrictor function) and to mediate vascular 
permeability. The latter function is a newly described 
component of neurogenic inflammation. The first oc¬ 
curs at the precapillary resistance vessels by vesicular 
release of transmitter(s), which induces vasoconstric¬ 
tion and which is regulated by action potentials in the 


vasoconstrictor neurons. The second function occurs at 
the postcapillary venules by non-vesicular release of a 
chemical substance (or more than one substance, possi¬ 
bly prostaglandin E2 and / or related substances) that is 
independent of the electrical activity in the sympathetic 
neurons. Whether these substance(s) are released by the 
sympathetic terminals or by other cells in association 
with these terminals is unknown (Gonzales et al. 1989). 
This sympathetically mediated component of neuro¬ 
genic inflammation is an entirely peripheral function of 
the sympathetic terminals. Whether both functions of 
the sympathetic postganglionic neurons are represented 
in the same class of neuron or in distinct ones remains 
to be studied. 

Primary Afferent Neuron-SPGN Integration in Neurogenic In¬ 
flammation 

In the rat knee joint, stimulation of peptidergic (un¬ 
myelinated) primary afferents generates neurogenic 
inflammation (precapillary vasodilation and venular 
plasma extravasation) involving substance P and calci¬ 
tonin gene-related peptide (CGRP) (Ferrell and Russell 
1986; Green et al. 1992). This afferent-induced neu¬ 
rogenic inflammation seems to be independent of the 
bradykinin-induced synovial plasma extravasation that 
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is mediated by the sympathetic terminals. In fact, chem¬ 
ical destruction of unmyelinated primary afferents (by 
pretreating the rats on neonatal day 2 with capsaicin) 
does not affect the SPGN-mediated plasma extravasa¬ 
tion (Coderre et al. 1989). However, itis unclear in which 
way plasma extravasation mediated by the sympathetic 
terminals and plasma extravasation mediated by pep¬ 
tidergic afferents in the synovia work together. To study 
this potential interaction requires a controlled selective 
activation of the afferents supplying the synovia, e.g. 
by electrical stimulation of the corresponding dorsal 
roots (Habler et al. 1997). Sensory-sympathetic neuron 
coupling has been well documented in pathophysiolog¬ 
ical conditions underlying sympathetically maintained 
pain (e.g. in complex regional pain syndromes; see 
► Sympathetic nervous system and pain). 

Endocrine-SPGN Integration in Neurogenic Inflammation 

We have demonstrated that the SPGN mediates a nega¬ 
tive feedback control of inflammatory response. There 
are two, independent neuroendocrine circuits which are 
activated by noxious stimulation. Repetitive transcuta¬ 
neous electrical stimulation of unmyelinated afferents 
of plantar skin activates the hypothalamic-pituitary- 
adrenal axis to release corticosterone, which inhibits 
the SPGN-dependent plasma extravasation produced 
by bradykinin. This inhibitory endocrine circuit appears 
to affect specifically the SPGN-dependent component 
of the inflammatory response and does not appear to 
be a vascular effect since, following surgical sympa¬ 
thectomy, the residual (i.e. SPGN-independent) plasma 
extravasation produced by bradykinin is not inhibited 
by the noxious stimulation-induced feedback inhi¬ 
bition and neither is the SPGN-independent plasma 
extravasation produced by platelet activating factor. 
Corticosterone infused intravenously also depressed 
bradykinin-induced plasma extravasation with a time 
course similar to that during reflex activation of the 
hypothalamo-pituitary axis. In addition, this inhibitory 
effect of i.v. infused corticosterone was no longer 
present in sympathectomized joints (Green et al. 1995; 
Green et al. 1997). 

The effect of corticosterone, whether released from 
the adrenal cortex or injected intravenously, does not 
appear to be due to a direct action of glucocorticoids 
on the SPGN, since corticosterone administered in the 
synovium does not itself inhibit bradykinin-induced 
plasma extravasation. However, the peptide annexin I 
(lipocortin I), which is released from many tissues by 
corticosterone, co-infused with bradykinin in the rat 
knee joint does inhibit bradykinin-induced plasma ex¬ 
travasation (Green et al. 1998). By the same token, the 
depression of bradykinin-induced synovial plasma ex¬ 
travasation generated by electrical noxious stimulation 
or by corticosterone infused i.v. is attenuated by annexin 
I antibody infused into the knee joint (Green et al. 1998). 
The source for annexin I released by corticosterone has 


not been determined, although polymorphonuclear 
leukocytes (PMNs), which are a rich source of annexin 
I, are required for bradykinin-induced synovial plasma 
extravasation (Bjerknes et al. 1991). 

The other endocrine-SPGN anti-inflammatory circuit 
is activated by noxious somatic or visceral stimula¬ 
tion with capsaicin (Miao et al. 2000). In this circuit, 
the sympatho-adrenal axis mediates the inhibition 
of bradykinin-induced plasma extravasation, since it is 
abolished following denervation of the adrenal medulla. 
The depression of bradykinin-induced plasma extrava¬ 
sation in the synovia by adrenaline released by the 
adrenal medulla is not caused by vasoconstriction in 
the synovia. Its mechanisms of action are unknown but 
may involve P-adrenoceptors (Janig et al. 2000; Miao 
et al. 2000; Miao et al. 2001). 

These results raise the question of the biological signif¬ 
icance of two independent anti-inflammatory neuroen¬ 
docrine pathways. There are differences in the pattern 
of noxious stimulation that activate these circuits; while 
capsaicin selectively activates primary afferent C-fibers 
and a sub-population of A8-afferents, electrical stimula¬ 
tion at the intensities used in these studies synchronously 
activates all C-, A8- and Ap-fibers. This differential pat¬ 
tern of activation of nociceptive afferents could be re¬ 
sponsible for specific encoding of nociceptive signals 
to selectively activate specific neuroendocrine circuits. 
The differential activation of either the hypothalamo- 
pituitary-adrenal system or the sympatho-adrenal sys¬ 
tem during stimulation of nociceptive afferents, by tran¬ 
scutaneous electrical impulses or by capsaicin respec¬ 
tively, may turn out to be a valuable tool in the experimen¬ 
tal investigation of the effects of both neuroendocrine 
systems on inflammation. However, it has yet to be deter¬ 
mined which physiological stimuli (e.g. chronic inflam¬ 
matory pain or traumatic injury pain) activate either the 
hypothalamo-pituitary system or the sympatho-adrenal 
system. 

Conclusions 

Experimental inflammation in the rat knee joint gen¬ 
erated by the inflammatory mediator bradykinin is 
largely dependent on the sympathetic innervation. 
Sympathetic terminals mediate synovial plasma ex¬ 
travasation, possibly by release of a prostanoid either 
from the sympathetic terminal or from other cells, in¬ 
dependent of their excitability and of vesicular release 
of noradrenaline. This peripheral mechanism is under 
inhibitory control of the hypothalamo-pituitary-adrenal 
system (corticosterone) and the sympatho-adrenal sys¬ 
tem. The sympathetic terminal mediates the action of 
corticosterone on bradykinin-induced plasma extrava¬ 
sation, with the intermediary substance probably being 
the peptide annexin I. These experiments show that the 
sympathetic terminal nerve fiber is in a strategic position 
to integrate local inflammatory signals and remote neu¬ 
roendocrine signals (e.g. corticosterone, adrenaline) 
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in the modulation of venular plasma extravasation. 
This is a novel function of the sympathetic terminal 
that is independent of its excitability and release of 
noradrenaline. 
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Sympathetic-Sensory Coupling 

► Sympathetic-Afferent Coupling in the Afferent Nerve 
Fiber, Neurophysiological Experiments 

► Sympathetic-Afferent Coupling in the Dorsal Root 
Ganglion, Neurophysiological Experiments 


I- 

Sympathetic Skin Response 

Synonyms 

SSR 

Definition 

The sympathetic skin response (SSR) reflects the in¬ 
tegrity of sympathetic sudomotor fibers and the acti¬ 
vation of sweat glands. The response is recorded with 
superficial skin electrodes from palms and soles, with a 
reference electrode on the dorsum of the hands and feet, 
and results from a transient and interacting electrical 
activity of sympathetic sudomotor nerves, sweat glands 
and adjacent epidermal tissue induced by any stimulus 
that elicits arousal (Hilz MJ, Axelrod FB, Schweibold 
G, Kolodny EH (1999a) Sympathetic skin response 
following thermal, electrical, acoustic, and inspiratory 
gasp stimulation in familial dysautonomia patients and 
healthy persons. Clin Auton Res 9:165-177). 

► Congenital Insensitivity to Pain with Anhidrosis 


I- 

Sympathetic Vasoconstrictor Neurons 

Definition 

Sympathetic Vasoconstrictor Neurons are postgan¬ 
glionic sympathetic nerve fibers innervating the vascu¬ 
lature. Neuronal activity leads to vasoconstriction, e.g. 
due to release of norepinephrine acting on adrenocep¬ 
tors. 

► Sympathetically Maintained Pain and Inflammation, 
Human Experimentation 

► Sympathetically Maintained Pain in CRPS I, Human 
Experimentation 


I- 

Sympathetically Dependent Pain 

► Sympathetically Maintained Pain and Inflammation, 
Human Experimentation 
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I- 

Sympathetically Maintained Pain 

Synonyms 

SMP 

Definition 

The sympathetic nervous system is normally the part of 
the nervous system that is involved in control of body 
temperature, blood pressure, heart rate and regulation of 
normal body functions. However, in certain special cir¬ 
cumstances this part of the nervous system is involved 
in the maintenance of a chronic pain condition (sympa¬ 
thetically maintained pain). In such cases, interruption 
or blockade of the sympathetic nerves with a local anes¬ 
thetic nerve block or drugs that antagonize the chemicals 
released by the sympathetic nerves can result in allevi¬ 
ation of the pain. A subset of patients with CRPS may 
have a sympathetically maintained pain state. The pro¬ 
portion of sympathetically maintained pain may vary be¬ 
tween patients, or with time in an individual patient, and 
the residual pain is termed sympathetically independent 
pain (SIP). 

► Complex Regional Pain Syndrome and the Sympa¬ 
thetic Nervous System 

► Complex Regional Pain Syndromes, General Aspects 

► Postoperative Pain, Acute Presentation of Complex 
Regional Pain Syndrome 

► Sympathetically Maintained Pain and Inflammation, 
Human Experimentation 

► Sympathetically Maintained Pain, Clinical Pharma¬ 
cological Tests 

► Sympathetically Maintained Pain in CRPS I, Human 
Experimentation 

► Sympathetically Maintained Pain in CRPS H, Human 
Experimentation 


I- 

Sympathetically Maintained Pain and 
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Synonyms 

Sympathetically Dependent Pain; Sympatho-Nocicep- 
tive Coupling 


Definition 

There is strong evidence that some neuropathic pain 
states are characterized by an inflammatory reaction. In 
some patients sympatholytic procedures can ameliorate 
pain as well as inflammation and edema. 

Characteristics 

Sympathetic Influence on Neurogenic Inflammation in Human 
Pain Models 

When sympathetic cutaneous vasoconstrictor activity is 
modulated in physiological ranges by thermoregulatory 
stress, it does not measurably influence ► capsaicin-in¬ 
duced ► neurogenic inflammation, i.e. pain and axon 
reflex vasodilatation (Fig. lc) (Baron et al. 1999). 
Accordingly, activation of skin sympathetic vasocon¬ 
strictor neurons (► sympathetic vasoconstrictors) does 
not change the irritant induced discharge of single mi- 
croneurographically (► microneurography) recorded 
cutaneous C-nociceptors (Elam et al. 1999). Further¬ 
more, sympathetic blocks were ineffective in reducing 
pain in the capsaicin model (Pedersen et al. 1997). 

In normal tissue, physiological activity in postgan¬ 
glionic sympathetic efferents or the injection of cat¬ 
echolamines does not produce pain. However, some 
activation of mechanoreceptors might occur. Since it 
has been shown that subthreshold-for-pain activation 
of C-fibers is already sufficient to induce axon reflexes, 
flare vasodilatation could be a sensitive marker for 
sympathetically induced C-fiber activation. However, 
intradermal application of catecholamines, even at sup- 
raphysiological doses, does not induce axon reflexes 
(Fig. la, b) (Zahn et al. 2004). 

Similar negative results were reported when sympathetic 
muscle vasoconstrictor activity was altered physiologi¬ 
cally by C02 stress, and the intensity of pain after cap¬ 
saicin injection into the muscle was quantified. The mus¬ 
cle pain did not change in this experiment (Wasner et al. 
2002 ). 

On the other hand, thermal hyperalgesia, which fre¬ 
quently occurs after capsaicin injection, was enhanced 
if norepinephrine was co-applied by iontophoresis or in¬ 
jection. This effect was reversed by combined blockade 
of a 1 ' and a2-adrenoceptors. However, enhancement of 
capsaicin induced ► heat hyperalgesia was also found 
for other vasoconstrictive agents like vasopressin, an¬ 
giotensin or the occlusion of blood flow, and it was 
antagonized by vasodilators like nitroprusside (Drum¬ 
mond 1999; Drummond and Lipnicki 1999). These 
findings indicate that at least a part of catecholamine 
amplification of capsaicin-induced heat sensitization 
must be mediated by local vasoconstriction, which is 
induced by supraphysiological doses of catecholamines. 

Neurogenic Inflammation in CRPS 

In patients with ► Complex regional pain syndrome 
(CRPS), axon reflex vasodilatation was significantly 
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Sympathetically Maintained Pain and Inflammation, Human Experimentation, Figure 1 (a, b) Microdialysis has the advantage that a variety of 
substances can be applied intradermally without simultaneous C-fiber stimulus. The fibers were inserted, and rested in the skin for at least one hour before 
catecholamines were perfused, (a) Changes of skin blood flow have been monitored by taking repeated pictures covering the whole back of the hand from 
a laser Doppler perfusion monitor. Even supraphysiological doses of catecholamines (phenylephrine, PE; clonidine CL, norepinephrine NE) did not induce 
axon reflex-like vasodilatation. With permission from Zahn et al. (2004). (c) Effects of sympathetic activity on capsaicin-evoked cutaneous pain in 12 
individuals. Experimental pain was evoked by topical application of 0.6 % capsaicin at the volar forearm (arrow). Pain was measured on a visual analogue 
scale (VAS) at 5-minute intervals. High cutaneous vasoconstrictor activity (open squares) was experimentally induced by whole-body cooling, and low 
sympathetic activity (triangles) by whole-body warming. The local skin temperature at the application site was kept constant with a feedback-controlled 
heating device set to 35"C. There was no difference in capsaicin-evoked pain between high and low activity in cutaneous vasoconstrictor neurons. 
Modified from Baron et al. (1999). 


increased on the affected side, as measured with laser 
Doppler flowmetry after electrical C-fiber stimulation. 
Accordingly, systemic CGRP levels were found to be 
increased in acute CRPS, but not in chronic stages 
(Birklein et al. 2001) 

In acute untreated CRPS I patients, axon reflex activation 
was elicited by strong transcutaneous electrical stimu¬ 
lation of peptidergic unmyelinated afferents via intra- 
dermal ► microdialysis capillaries. Protein extravasa¬ 
tion that was simultaneously assessed by the microdial¬ 
ysis system was only provoked on the affected extremity 
as compared with the normal side. The time course of 
electrically induced protein extravasation in the patients 
resembled the one observed following application of ex¬ 
ogenous substance P (SP) (Weber et al. 2001). 

Plasma extravasation could also be demonstrated 
with other experimental techniques: Bone scintigra¬ 
phy demonstrated periarticular tracer up-take in acute 
CRPS and analysis of joint fluid, and synovial biopsies 
in CRPS patients have shown an increase in protein 
concentration and synovial hypervascularity. Further¬ 
more, synovial effusion is enhanced in affected joints as 
measured with MRI(Graifetal. 1998). Scintigraphic in¬ 
vestigations with radiolabeled immunoglobulins show 
extensive plasma extravasation (Oyen et al. 1993; Baron 
2006). 


Immune Cell Mediated Inflammation and Cytokine Release in 
CRPS 

Skin biopsies in CRPS patients showed a striking in¬ 
crease in the number of Langerhans cells that can re¬ 
lease immune cell chemoattractants and proinflamma- 
tory cytokines. In accordance, in the fluid of artificially 
produced skin blisters, significantly higher levels of IL-6 
and TNF-alpha were observed in the involved extremity 
as compared with the uninvolved extremity (Huygen et 
al. 2002). 

The patchy osteoporosis that is found in more advanced 
CRPS cases may also be consistent with a regional in¬ 
flammatory process in deep somatic tissues. Both IL- 
1 and IL-6 cause proliferation and activation of osteo¬ 
clasts and suppress the activity of osteoblasts. Changes 
in hair growth can also be created by proinflammatory 
cytokines. TNF and IL-1 directly inhibit hair growth. 
Keratocyte-derived TNF and IL-6 cause retarded hair 
growth, signs of fibrosis, and in turn immune infiltra¬ 
tion of the dermis, all present in CRPS patients (Suzuki 
et al. 1995). 

The Link between Immune Cell Mediated Inflammation and 
Neurogenic Inflammation in CRPS 

An extensive release of SP would provide a new hypothe¬ 
sis linking immune cell mediated and neurogenic inflam- 
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sympathetic 




may contribute to other pain states as well. The vascular bed consists of arterioles (directly innervated by sympathetic and afferent fibers), capillaries (not 
innervated and not influenced by nerve fibers) and venules (not directly innervated but influenced by nerve fibers). The micromilieu depends on several 
interacting components: Neural activity in postganglionic noradrenergic fibers (1) supplying blood vessels (3, BV) causes release of noradrenaline (NA) 
and possibly other substances and vasoconstriction. Excitation of primary afferents (AS- and C-fibers) (2) causes vasodilation in precapillary arterioles 
and plasma extravasation in postcapillary venules (C-fibers only) by the release of substance P (SP) and other vasoactive compounds (e.g. calcitonin 
gene-related peptide, CGRP). Some of these effects may be mediated by non-neuronal cells such as mast cells and macrophages (4) Other factors that 
affect the control of the microcirculation are the myogenic properties of arterioles (3) and more global environmental influences such as a change of the 
temperature and the metabolic state of the tissue (modified from Janig and Koltzenburg 1991). (b) Hypothetical relation between sympathetic noradrenergic 
nerve fibers (1), peptidergic afferent nerve fibers (2), blood vessels (3) and macrophages (4). The activated and sensitized afferent nerve fibers activate 
macrophages (MP), possibly via substance P release. The immune cells start to release cytokines, such as tumor necrosis factor a (TNF-a) and interleukin 
1 (IL1) which further activate afferent fibers. Substance P (and CGRP) released from the afferent nerve fibers reacts with neurokinin 1 (NK1) receptors in 
the blood vessels (arteriolar vasodilation, venular plasma extravasation; neurogenic inflammation). The sympathetic nerve fibers interact with this system 
on three levels: (1) via adrenoceptors (mainly alpha) on the blood vessels (vasoconstriction), (2) via adrenoceptors (mainly beta) on macrophages (further 
release of cytokines), and (3) via adrenoceptors (mainly alpha) on afferents (further sensitization of these fibers). Modified from Janig and Baron (2003). 


mation. It has been shown that SP also potently activates 
immune cells in the human skin. They start to release cy¬ 
tokines, such as TNF-a and IL-1, which, in turn, further 
activate nociceptive fibers by enhancing sodium influx 
into the cells. The activated and sensitized afferent nerve 
fibers again activate macrophages (via SP release). 


The Link between Sympathetic Activity and Inflammation in 
CRPS 

In some CRPS patients, sympatholytic procedures can 
ameliorate pain as well as inflammation and edema. The 
question arises whether the sympathetic nervous system 














Sympathetically Maintained Pain in CRPS I, Human Experimentation 2377 


might be involved in the inflammatory process in CRPS, 
and whether it might interact with immune cells. 
Under normal conditions, catecholamines act via (32- 
adrenoceptors on immune cells to inhibit the production 
and release of proinflammatory cytokines. These cells 
do not express a-adrenoceptors under basal conditions. 
However, the situation can dramatically change in 
chronic inflammation. Then, immune cells downreg- 
ulate their expression of p2-adrenoceptors and upreg- 
ulate their expression of a 1_ adrenoceptors over time 
(Gazda et al. 2001). In contrast to (12-adrenoceptors, 
a' adrenoceptors stimulate the production and release 
of proinflammatory cytokines. If a-adrenoceptors were 
to become expressed by the resident and/or recruited 
immune or immunocompetent cells of the affected 
CRPS extremity, then sympathetic activation would be 
predicted to cause pain and other inflammatory signs 
via cytokine release. 

Summarizing the hypothetical ideas described above, 
Fig. 2 illustrates the possible interactions between 
sympathetic fibers, afferent fibers, blood vessels and 
nonneural cells related to the immune system (e.g. 
macrophages), theoretically leading to the inflamma¬ 
tory changes observed in CRPS patients. 

Sympathetically Maintained Pain in other Inflammatory Pain 
States 

There are some reports that sympathetic blocks might 
relieve pain in inflammatory diseases. In rheumatoid 
arthritis, a randomized controlled trial (RCT) study 
of intravenous sympathetic block with guanethidine 
has been effective in 24 patients (Levine et al. 1986). 
However, recent human histological data has revealed 
contradictory results - an inhibitory effect of sympa¬ 
thetic innervation on synovial inflammation (Straub et 
al. 2002). 

Conclusion 

Weighing all information, there seems to be a sympa¬ 
thetic component of chronic human inflammatory pain. 
However, controlled quantitative studies are needed to 
verify this assumption. 
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Synonyms 

CRPS I; Complex Regional Pain Syndrome Type I; Re¬ 
flex Sympathetic Dystrophy; Algodystrophy; Morbus 
Sudeck; SMP 

Definition 

► Sympathetically maintained pain (SMP) is a symp¬ 
tom of neuropathic pain conditions defined as the pain 
component that is relieved by specific sympatholytic 
procedures. If sympatholytic procedures have no influ¬ 
ence on the pain, the symptom is called “sympatheti¬ 
cally independent pain” (SIP). SMP is most frequently 
found in ► Complex Regional Pain Syndrome Type I 
(CRPS I), which develops as a disproportionate conse¬ 
quence of an extremity trauma without any nerve lesion. 
CRPS I is clinically characterized by spontaneous pain, 
allodynia, hyperalgesia, autonomic, trophic and motor 
dysfunction in a distal generalized distribution (see 

► Sympathetic Nervous System and Pain). There is no 
clinical feature allowing a distinction between patients 
with SMP and with SIP. The only possibility to differen¬ 
tiate between SMP and SIP is the efficacy of a correctly 
applied sympatholytic intervention. Furthermore, there 
are no animal data for investigation of the pathophys¬ 
iological mechanisms underlying SMP without nerve 
lesion like in CRPS I. Therefore, human experiments 
for investigation of SMP in CRPS I are essential for the 
understanding of the pathological interaction between 
the sympathetic nervous system and pain pathways. 
In these studies the influence of increasing activity in 
sympathetic neurons, of blocking the sympathetic ac¬ 
tivity, and of externally applied adrenoceptor agonists 
in experimental pain models and CRPS patients were 
tested. 

Characteristics 

Physiologically, sympathetic preganglionic neurons 
that are involved in the regulation of effector cells in 
somatic tissues, project to the paravertebral ganglia of 
the sympathetic trunk and synapse with postganglionic 
neurons that innervate the effector cells. These pregan¬ 
glionic sympathetic neurons are under central control, 
and the pattern of ongoing and reflex discharges is char¬ 
acteristic for each type of sympathetic pathway, e.g. skin 
vasoconstrictor, muscle vasoconstrictor and sudomotor 
neurons, and varies according to the innervated target 
cells (Janig and McLachlan 2005; Janig 2006). Under 
normal conditions, sympathetic activity has no influ¬ 
ence on nociceptive and other primary afferent neurons 
leading to pain. However, the clinical picture of CRPS I 
with autonomic dysfunction including changes in skin 
blood flow, temperature and sweating, as well as the 
symptom of sympathetically maintained pain, suggests 
that the sympathetic nervous system is involved in 
the pathophysiology of CRPS (Stanton-Hicks et al. 
2005). 


SMP in CRPS I 

Contrasting the results in human experimental pain mod¬ 
els, several studies have demonstrated an influence of 
the sympathetic nervous system on pain in CRPS I pa¬ 
tients, from which possible underlying pathophysiolog¬ 
ical mechanisms can be derived. Drummond et al. (2001, 
2004) investigated the effect of sympathetic arousal on 
pain in CRPS patients. They found that pain ratings in¬ 
creased in over 70% of CRPS patients during forehead 
cooling and or after being startled, e.g. by mental arith¬ 
metic. This pain-increasing effect of such phasic cuta¬ 
neous sympathetic activation was most pronounced in 
patients suffering from cold or punctate hyperalgesia. 
In another study, the technique of controlled alterations 
of sympathetic activity by changing environmental tem¬ 
perature that was applied to investigate sympathetic- 
nociceptive coupling was used in CRPS I patients 
(Baron et al. 2002): Cutaneous sympathetic vasocon¬ 
strictor outflow to the painful limb was activated by 
whole-body cooling. During the thermal challenge, 
local skin temperature at the affected region was fixed 
at 35°C to avoid thermal effects at the nociceptor level. 
The intensity of spontaneous pain, the area of mechan¬ 
ical hyperalgesia, and the heat pain thresholds, were 
measured and compared with the results of diagnostic 
sympathetic blocks that were performed to identify 
patients with SMP (pain relief >50% after sympathetic 
block) and SIP (pain relief <50%). The results showed 
that in patients with SMP the intensity of spontaneous 
pain significantly increased by 22%, and the spatial 
distribution of mechanical dynamic and punctate hy¬ 
peralgesia increased by 42% and 27%, respectively, 
during high compared with low sympathetic activity 
(Fig. 1). On the other hand, heat pain thresholds did 
not change, indicating that specific heat-sensitive pri¬ 
mary afferent neurons are not, or are only marginally, 
affected by sympathetic activity. This observation also 
lends support to an alternative idea that low threshold Aff 
afferent neurons, which are associated with mechanical 
allodynia, might be implicated in sympathetic-afferent 
coupling. Interestingly, pain relief after sympathetic 
blockade correlated with augmentation of spontaneous 
pain after experimental stimulation of cutaneous vaso¬ 
constrictor activity in all patients (both SMP and SIP). 
This suggests that the sympathetically maintained pain 
component in CRPS I might form a continuum. Also, 
in patients classified as SIP (pain relief <50% after 
sympathetic block), there might be a pain component 
that depends on sympathetic activity (Fig. 2). 

In conclusion, the study data (Baron et al. 2002; Drum¬ 
mond et al. 2001) gives strong evidence for a patho¬ 
logical coupling between skin ► sympathetic vasocon¬ 
strictor neurons and cutaneous afferents in CRPS. The 
question arises where this coupling might be located. 
In CRPS and posttraumatic neuralgias, intracutaneous 
application of noradrenaline into the symptomatic area 
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Sympathetically Maintained Pain in CRPS I, Human Experimentation, 
Figure 1 Experimental modulation of cutaneous sympathetic vasocon¬ 
strictor neurons by physiological thermoregulatory reflex stimuli in 13 CRPS 
patients. With the help of a thermal suit, whole-body cooling and warming 
was performed to alter sympathetic skin nerve activity. The subjects lay in 
a suit supplied by tubes, in which running water of 12"C and 50"C, respec¬ 
tively (inflow temperature) was used to cool or warm the whole body. By 
these means, sympathetic activity could be switched on and off. Top: High 
sympathetic vasoconstrictor activity during cooling induces considerable 
drop in skin blood flow on the affected and unaffected extremity (laser 
Doppler flowmetry). Measurements were taken at 5 min intervals. Middle: 
On the unaffected side a secondary decrease of skin temperature was doc¬ 
umented. On the affected side, the forearm temperature was clamped at 
35"C by a feed-back-controlled heat lamp to exclude temperature effects 
on the sensory receptor level. Measurements were taken at 5 min. inter¬ 
vals. Bottom: Effect of cutaneous sympathetic vasoconstrictor activity on 
dynamic mechanical allodynia in one CRPS patient with sympathetically 
maintained pain (SMP). Activation of sympathetic neurons (during cool¬ 
ing) leads to a considerable increase of the area of dynamic mechanical 
allodynia. From (Baron et al. 2002) with permission. 


pain 

intensity 



A B 

Sympathetically Maintained Pain in CRPS I, Human Experimentation, 
Figure 2 A graphic representation of the relative contribution of SMP to 
overall pain in a given patient. Point A represents an individual whose pain 
is predominantly sympathetically-maintained, whereas point B represents 
a situation in which the pain is only slightly responsive to sympatholytic 
intervention. Points A and B may represent different patients or the same 
patient at two different times. Adapted from Stanton-Hicks et al. (1995). 


rekindled spontaneous pain and mechanical hyperal¬ 
gesias that had been relieved by sympathetic blockade 
(Torebjork et al. 1995). Ali et al. (2000) also found in 
patients with SMP during local anesthetic sympathetic 
blockade that intracutaneous injections of naradrenaline 
in physiologically relevant doses induced pain and me¬ 
chanical hyperalgesias in the affected region, but not on 
the contralateral side and not in controls. This effect was 
blocked in most patients by systemic administration of 
the a-adrenoceptor-antagonist phentolamine. Accord¬ 
ingly, results of autoradiographic studies showed that 
the number of alpha- 1 ' ► adrenoceptors in hyperalgesic 
skin in CRPS I patients is substantially larger than in the 
pain free skin of the patients (Drummond et al. 1996). 
These findings support a role for adrenoceptors in cu¬ 
taneous primary afferent neurons in the mechanisms of 
sympathetically maintained pain. Interestingly, devel¬ 
opment of adrenergic supersensitivity is suggested to be 
involved in vasomotor abnormalities in CRPS I (Wasner 
et al. 2001). Evidence from animal experiments favors 
the idea that sympathetic activity can sensitize noci¬ 
ceptors chemically, via naradrenaline released from 
sympathetic fibers, acting directly on adrenoceptors ex¬ 
pressed on afferent fibers (see ► Sympathetic-Afferent 
Coupling in the Dorsal Root Ganghon, Neurophysio¬ 
logical Experiments ► Sympathetic-Afferent Coupling 
in the Afferent Nerve Fiber, Neurophysiological Exper¬ 
iments). Furthermore, amplified excitability of nocicep¬ 
tors might be generated indirectly -i.e. via the vascular 
bed (e.g. change of blood flow), or by other components 
such as inflammatory cells around nociceptive neurons, 
which might have a permissive effect on sympathetic 
to nociceptive coupling, or they might be modulated 
directly by molecules released from sympathetic post¬ 
ganglionic neurons (► Sympathetic nervous system and 
pain). However, the exact mechanism of sympathetic- 
afferent coupling in CRPS remains unclear, the more so 
since results from animal experiments are mainly based 
on nerve lesion models that did not account for CRPS. 
In addition, Drummond and Finch (2004) demonstrated 
that in some CRPS patients with SMP, stimuli arousing 
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sympathetic activity still increased pain even during 
sympathetic blockade, indicating a central component 
of sympathetic-afferent interaction that has not been 
considered in animal work so far. Furthermore, nearly 
all human and animal studies have focused on the skin as 
the region of interest for sympathetic-afferent coupling. 
However, it has been clearly demonstrated that relief 
of spontaneous pain after sympathetic blockade was 
more pronounced than changes in spontaneous pain 
that could be induced experimentally by activation of 
cutaneous sympathetic vasoconstrictor neurons (Baron 
et al. 2002). One explanation for this discrepancy might 
be that a complete sympathetic block affects all sympa¬ 
thetic outflow channels projecting to the affected limb. In 
addition to coupling in the skin, a sympathetic-afferent 
interaction is likely to happen in other tissues, partic¬ 
ularly, in deep somatic domains such as bone, muscle 
or joints (Schattschneider et al. 2006). These structures 
are especially painful in some CRPS I patients, which 
lends support to this notion. 

Conclusion 

There is strong evidence from human experiments for 
a sympathetic-afferent interaction in CRPS I. It is sug¬ 
gested that adrenoceptors are involved in the coupling 
in the skin. Furthermore, there is indirect evidence that a 
pathological sympathetic-afferent interaction also hap¬ 
pens in deep somatic tissues contributing to the symp¬ 
toms of SMP. 
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Synonyms 

Causalgia; CRPS II; complex regional pain syndrome II 

Definition 

Complex regional pain syndromes, ► CRPS I and 

► CRPS II (formerly known as reflex sympathetic dys¬ 
trophy and causalgia, respectively), are pain disorders 
that commonly develop as a consequence of trauma with 
or without an associated nerve lesion. These disorders 
are most common in the limbs and are characterized 
by pain disproportionate to the trauma, ► allodynia, 

► hyperalgesia, ► sudomotor, ► vasomotor and trophic 
skin changes, as well as active and passive movement 
disorders (Janig and Baron 2003). CRPS II, in con¬ 
trast to CRPS I, occurs following a nerve injury, and is 
commonly caused by high velocity or partial injuries 
to peripheral nerves such as those occurring in gunshot 
wounds, stab wounds, or automobile accidents. 

Studies in humans with CRPS II have focused on two 
broad areas; (1) studies aimed at understanding the 
mechanisms of pain and other associated features, 
and (2) studies to examine the efficacy of treatment 
strategies. In this essay, we summarize the salient 
observations related to each of these significant areas. 
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Characteristics 

Mechanisms 

Numerous studies have explored the role of the sym¬ 
pathetic nervous system (SNS) in CRPS II. The SNS 
appears to contribute to pain in certain patients after 
nerve or tissue injury in an extremity. The sympathetic 
component of pain is often investigated clinically by 
blocking sympathetic activity in the symptomatic limb 
or by administering an adrenergic receptor agonist or 
antagonist. Several lines of clinical evidence support 
the hypothesis that ► Alpha(a)-Adrenoceptors develop 
in peripheral tissues in ► sympathetically maintained 
pain (SMP), such that the release of noradrenaline (NA) 
from the sympathetic terminals activates the nocicep¬ 
tors and leads to the sensation of pain. The perineuromal 
administration of adrenaline or NA results in increased 
pain in patients with ► neuromas after amputations 
(Chabal et al. 1992; Katz 1997; Lin 2006). In CRPS II 
patients with SMP rendered pain-free by a sympathetic 
block or surgical ► sympathectomy, NA injected into 
the skin restores the hyperalgesia (Davis et al. 1991; 
Torebjork et al. 1995; W a llin et al. 1976). In addition, 
intravenous phentolamine (an a-adrenoceptor blocker), 
but not propranolol (a (3-adrenoceptor blocker), relieves 
SMP (Raja etal. 1991). 

A potential criticism of the previous studies is that the 
doses of NA used were much higher than are likely to 
exist in vivo. However, Ali et al. recently concluded that 
NA in physiologically relevant doses resulted in pain in 
patients with SMP (Ali et al. 2000). Thus, adrenoceptor 
mechanisms play a critical role in the maintenance of 
the pain in a subset of patients with chronic pain that is 
sympathetically maintained. 

Other studies have investigated the effect of sympathetic 
arousal on pain and vasomotor responses in patients 
with CRPS. One such study examined sensitivity to heat, 
cold, and mechanical stimulation, and concluded that 
pain decreased during sympathetic arousal in healthy 
subjects, whereas pain often increased and abnormal 
sensations sometimes developed in the symptomatic 
limb of patients with CRPS during the same proce¬ 
dures (Drummond et al. 2001). The authors suggest 
that a mechanism that normally inhibits pain during 
sympathetic arousal is compromised in the majority of 
patients with CRPS. 

Treatments 

Experimental studies in the treatment of CRPS II have 
touched on a variety of interventional, pharmacological 
and behavioral modalities. However, few of these studies 
have been placebo-controlled trials. 

In one such analysis, a comparison of the pain relieving 
effects of lidocaine/bupivicaine (LA) vs. saline (S) 
blocks of the ► sympathetic ganglia was investigated 
(Price et al. 1998). Both LA and S blocks produced 
large reductions in pain intensity 30 minutes after the 


block, with no statistically significant difference in peak 
pain reducing effect. However, the mean duration of 
pain relief was significantly longer in the case of the 
LA block. The authors conclude that the duration of 
pain relief is affected by injection of LA into the sym¬ 
pathetic ganglia, and suggest that both magnitude and 
duration of pain reduction should be closely monitored 
to provide optimal efficacy in patients undergoing such 
interventions. 

Muizelaar et al. (1997) explored the use of nifedipine 
and/or phenoxybenzamine in the treatment of CRPS II, 
and concluded that both are effective first-line treatments 
for the acute stage of CRPS with a cure rate of 92%. How¬ 
ever, in the chronic stage of CRPS, treatment with these 
drugs was much less successful, with a documented cure 
rate of only 40%, thus underscoring the importance of 
early recognition and intervention in CRPS II patients. 
Surgical sympathectomy for CRPS II has also been in¬ 
vestigated (Singh et al. 2003). In this study, 42 patients 
with CRPS II of the upper extremity were categorized 
into one of two groups based upon duration of symp¬ 
toms, with group I consisting of patients with symptoms 
less than three months, and group II consisting of pa¬ 
tients with symptoms greater then three months. Fol¬ 
lowing sympathectomy, all 42 patients demonstrated im¬ 
proved pain scores (VAS), with the patients in group I 
showing significantly greater improvement than those 
in group II. However, long-term results in most cases 
are disappointing with a high recurrence rate of the pain. 
Therefore, surgical sympathectomy should not be rec¬ 
ommended as the treatment option of choice. 

Conclusions 

CRPS II is a multifaceted and complicated neuropathic 
pain disorder that develops as a consequence of a trau¬ 
matic nerve lesion. The mechanisms of, and treatment 
modalities for, CRPS II have been explored by a multi¬ 
tude of investigators and have shed light on the patho¬ 
physiology of this syndrome. However, many aspects of 
this chronic pain state remain obscure. 
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Synonyms 

SMP; sympathetically maintained pain; CRPS; complex 
regional pain syndrome 

Definition 

Neuropathic pain patients can be divided into groups 
based on their response to selective sympathetic block¬ 
ade or antagonism of a-adrenoreceptor mechanisms 
(Price et al. 1998). The component of spontaneous and 
evoked pain (hyperalgesia) which is relieved by specific 
sympatholytic procedures is termed sympathetically 
maintained pain (SMP). Hyperalgesia can be defined 
as a leftward shift of the stimulus response function 


that relates the magnitude of pain to the intensity of a 
noxious stimulus. An increased sensitivity to painful 
heat is termed thermal hyperalgesia. Hyperalgesia can 
also be evoked by application of different mechanical 
stimuli; for instance, punctate stimuli (e.g. firm von 
Frey hairs) can evoke punctate hyperalgesia, whereas 
gently stroking sensitized skin with a cotton swab can 
provoke dynamic hyperalgesia (also termed mechanical 
allodynia). 

Intradermal injection or iontophoresis of ► adrenergic 
agonists such as noradrenaline increases thermal hyper¬ 
algesia, but does not normally evoke spontaneous pain 
or mechanical hyperalgesia. However, in certain neuro¬ 
pathic pain syndromes, intradermal injection of nora¬ 
drenaline into the affected region exacerbates pain and 
mechanical hyperalgesia, and can rekindle pain after ef¬ 
fective treatment with sympathetic blockade or sympa¬ 
thectomy. 

Characteristics 

Adrenergic Hyperalgesia in a Human Pain Model 

Transcutaneous iontophoresis of noradrenaline and 
drugs that release neural stores of noradrenaline (e.g. 
tyramine) (Drummond 1998) exacerbate thermal hy¬ 
peralgesia in skin made sensitive to heat by the topical 
application of capsaicin. Similarly, intradermal in¬ 
jection of the a-adrenergic agonists noradrenaline, 
phenylephrine, and brimonidine induces thermal but 
not mechanical hyperalgesia in the skin of normal hu¬ 
man subjects (Fuchs et al. 2001). Intradermal injection 
of the non-adrenergic vasoconstrictors angiotensin II 
and vasopressin does not increase sensitivity to painful 
heat, despite producing comparable decreases in blood 
flow to adrenergic vasoconstrictors (Fuchs et al. 2001). 
The adrenergic component of thermal hyperalgesia 
persists after arterial occlusion, indicating that thermal 
hyperalgesia is independent of blood flow. 

When administered in capsaicin-treated skin, the a- 
adrenoceptor antagonist (see ► adrenergic antagonist) 
phenoxybenzamine blocks thermal hyperalgesia to the 
adrenergic releasing agent tyramine (Drummond 1998). 
In contrast, phenoxybenzamine administered before the 
topical application of capsaicin does not inhibit ther¬ 
mal hyperalgesia to tyramine. The blood-nerve barrier 
weakens during inflammation, thus allowing substances 
to diffuse more readily than usual from the extracellular 
fluid to the local environment of nerve fascicles. Hence, 
enhanced access to neural or perineural a-adrenoceptors 
during inflammation might account for the inhibitory in¬ 
fluence of phenoxybenzamine on thermal hyperalgesia 
to tyramine after capsaicin treatment. 

Adrenoreceptor Subtypes 

In animal experiments, different adrenoreceptor block¬ 
ers (e.g. phentolamine; «i and 012), prazosin (011) or 
yohimbine (012) or adrenoreceptor agonists (e.g. cloni- 
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dine; oq) have been used to examine the role of the 
sympathetic nervous system in neuropathic pain. In 
animal neuropathic pain models, sympathetic-sensory 
coupling is primarily mediated by 012 adrenoreceptors, 
whereas ai adrenoreceptors play a minor role (Chen et 
al. 1996). 

In humans, topical application of the 012 receptor agonist 
clonidine relieves hyperalgesia at the site of application 
in patients with SMP, presumably because activation 
of presynaptic adrenergic autoreceptors inhibits the 
release of noradrenaline (Davis et al. 1991). Davis et 
al. (1991) reported that a subsequent injection of no¬ 
radrenaline and the oti receptor agonist phenylephrine 
in the clonidine treated area rekindled hyperalgesia. 
Quantitative autoradiographic studies indicate that the 
number of ai adrenoreceptors in hyperalgesic skin of 
patients with ► CRPS is significantly greater than in 
the skin of normal subjects (Drummond et al. 1996). In 
contrast to the data obtained in animal experiments, it 
seems that in humans sympathetic-sensory coupling is 
mediated via 04 adrenoreceptors. 

Identifying Patients with a Peripheral Adrenergic Component 
of Pain 

The adrenergic component of pain is often investigated 
clinically withregional sympathetic blockade. However, 
there are several difficulties with this approach. For ex¬ 
ample, pain reduction may be due to placebo effects, 
parallel decreases in anxiety and pain, inadvertent so¬ 
matic blockade, or systemic uptake of the local anaes¬ 
thetic agent. The phentolamine test was developed to 
overcome these difficulties. This procedure typically in¬ 
volves intravenous injection of the a-adrenoceptor an¬ 
tagonist phentolamine or saline in a double blind man¬ 
ner. A major challenge to the validity of this procedure 
and, indeed, to the concept of SMP, was mounted by 
Verdugo and Ochoa (1994). They reported that the fre¬ 
quency of pain reduction did not differ between phento¬ 
lamine and placebo conditions in CRPS patients. How¬ 
ever, adrenergic blockade may not have been complete 
in this study, because only a low dose (35 mg) of phento¬ 
lamine was infused over a 20-minute interval. Further¬ 
more, phentolamine administered by intravenous injec¬ 
tion might not block adrenergic receptors protected by 
a blood-nerve barrier. 

An alternative to the phentolamine test is to inject adren¬ 
ergic agonists intradermally in the affected region. Ali 
et al. (2000) reported that 1 p,M and 10 |iM of nora¬ 
drenaline, at the threshold for producing vasoconstric¬ 
tion, rekindled pain in the affected limb of CRPS patients 
whose pain had decreased during sympathetic blockade 
with a local anesthetic agent. Similar doses did not in¬ 
duce pain on the unaffected side or in control subjects, 
indicating that this test might be useful for identifying 
patients with an adrenergic component of pain. 
Intravenous regional blockade with guanethidine is 
sometimes used clinically to identify and treat sym¬ 


pathetically maintained pain. Guanethidine occupies 
adrenergic varicosities in sympathetic nerve fibres, 
thereby abolishing noradrenaline release and prevent¬ 
ing sympathetic vasoconstrictor activity. Controlled 
trials show that intravenous regional blockade with 
guanethidine is ineffective for treating the pain of 
unselected patients with CRPS (Kingery 1997), pre¬ 
sumably due to variation of sympathetic involvement in 
CRPS. However, certain patients may benefit from the 
guanethidine treatment, particularly those with ther¬ 
mal hyperalgesia and allodynia to cold and vibration 
(Wahrenetal. 1991). 
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Definition 

The adrenal medullae release both adrenaline and 
noradrenaline, regulated by activity in preganglionic 
sympathetic neurons that project from the thoracic 
spinal cord through the splanchnic nerves to this gland. 
Histological and immunohistochemical studies show 
that adrenaline and noradrenaline are synthesized by 
different cells, which are also innervated by different 
groups of preganglionic neurons (Edwards et al. 1996). 
These data suggest that there are two separate sympa¬ 
thetic pathways to the adrenal medulla, one mediating 
the release of adrenaline and the other noradrenaline 
(Vollmer 1996). This idea is supported by functional 
studies implying that the release of adrenaline and no¬ 
radrenaline from the adrenal medulla can be regulated 
differentially by the brain (see Folkow 1955 for early 
studies; Folkow and von Euler 1954; Vollmer 1996). 
Morrison and Cao (2000) showed in the rat that pre¬ 
ganglionic neurons, which innervate adrenergic cells of 
the adrenal medulla, are not affected by arterial barore- 
ceptor reflexes and respiratory reflexes but are strongly 
excited by hypoglycemia. In contrast, preganglionic 
neurons that innervate noradrenergic cells of the adrenal 
medulla behave like muscle vasoconstrictor neurons. ^ 
In humans under resting conditions, the concentration jj 
of noradrenaline in the blood plasma is 1—1.5 pmol/ml i 
(0.17-0.25 |xg/L) and of adrenaline about 0.25 pmol/ml s 

(0.05 |xg/L) (Kopin 1989). Furthermore, under al- I 
most all physiological conditions, the concentration j 
of circulating noradrenaline is 3-5 x higher than the 
concentration of adrenaline (Cryer 1980). In humans, 
only about 2-8% of the circulating noradrenaline is 
released by the adrenal medulla, and the rest is re¬ 
leased by sympathetic nerve endings (Esler et al. 1990). 
Under physiological conditions adrenaline may be 
involved in the following functions: (1) regulation of 
metabolism such as catalyzing the mobilization of glu¬ 
cose and lactic acid from glycogen and probably of fatty 
acids from adipose tissue; (2) modulation of sensitivity 
of nociceptors; (3) modulation of inflammation (see 
► Sympathetic Postganglionic Neurons in Neurogenic 
Inflammation of the Synovia; Miao et al. 2000; 2001) 

(4) consolidation of memory (via vagal afferents and 
the nucleus tractus solitarii [NTS]); and (5) probably 
not support responses of target organs elicited by ac¬ 
tivation of other sympathetic pathways except under 
strong emergency conditions (Janig 2006). 

Characteristics 

Effect of Subdiaphragmatic Vagotomy on Mechanical Hyper¬ 
algesic Behavior 

Withdrawal threshold to stimulation of the rat hind paw 
with a linearly increasing mechanical stimulus, applied 
to the dorsum of the paw, decreases dose-dependently 
after intradermal injection of bradykinin (open cir¬ 
cles and closed circles in Fig. la; bradykinin-induced 
mechanical hyperalgesic behavior). If inhibition main- 
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Sympatho-Adrenal System and Mechanical Hyperalgesic Behavior, 
Animal Experimentation, Figure 1 (a) Decrease of paw-withdrawal 
threshold to mechanical stimulation of the dorsum of the rat hind paw in¬ 
duced by bradykinin (bradykinin-induced behavioral mechanical hyperalge¬ 
sia) in normal control (open circles, n = 26), vagotomized (triangles, n = 16) 
and sham vagotomized (closed circles, n = 18) rats. Experiments conducted 
7 days after vagotomy. Post hoc test shows significant differences between 
vagotomized and normal (P <0.05) as well as between vagotomized and 
sham vagotomized (P <0.05) rats, in response to bradykinin. Cutaneous 
mechanoreceptors in the hairy skin are stimulated by a linearly increas¬ 
ing mechanical force using a Basile Algesimeter (Stoelting, Chicago, IL). 
Threshold is defined as the minimum force (g) at which the paw is withdrawn 
by a rat. Ordinate scale expresses paw-withdrawal threshold in grams. The 
abscissa scale is the log dose of BK (in ng) injected in a volume of 2.5 pL 
saline into the dermis of the skin of the dorsal aspect of the hind paw. 
Data from Khasar et al. (1998a) with permission, (b) Role of denervation of 
adrenal medullae on bradykinin-induced behavioral mechanical hyperal¬ 
gesia and its enhancement after subdiaphragmatic vagotomy. Data from 
experiments in which the adrenal medullae are denervated: rats with dener- 
vated adrenal medullae (AM denervation, open squares, n = 6); vagotomized 
rats with denervated adrenal medullae (AM denerv plus vagotomy, closed 
squares; n = 10). Experiments were conducted 7 days after surgery. Paw- 
withdrawal thresholds of vagotomized rats in which the adrenal medullae 
were denervated are significantly higher than those of rats which are only 
vagotomized (see open triangles in a; P <0.05). Paw-withdrawal thresh¬ 
olds of rats in which the adrenal medullae are denervated are significantly 
higher than those of rats which were additionally vagotomized (P <0.05; 
compare open with closed squares). Modified from Khasar et al. (1998b). 
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tained by activity in vagal afferents acts continuously 
on the central nociceptive pathway, one would ex¬ 
pect, on the basis of studies reported by Gebhart, 
Randich and coworkers (Foreman 1989; Gebhart and 
Randich 1992; Randich and Gebhart 1992), that sub- 
diaphragmatic vagotomy might enhance the mechan¬ 
ical hyperalgesic behavior, irrespective of the way 
the nociceptive afferents have been sensitized (e.g. 
by bradykinin or another hyperalgesic agent), and 
lower baseline threshold to mechanical stimulation. 
Baseline paw-withdrawal threshold (normal rats: 
109 ± 2.1 g [mean ± SEM]; sham-vagotomized rats: 
107 ± 2.8 g; open and closed circles in Fig. la) is sig¬ 
nificantly decreased 7 days after vagotomy (89 ± 1.7 g; 
triangles in Fig. la). Bradykinin-induced hyperalgesia 
is significantly enhanced 7 days after subdiaphragmatic 
vagotomy (triangles in Fig. la). There are three impor¬ 
tant characteristics of the effect of vagotomy on me¬ 
chanical baseline threshold and on bradykinin-induced 
decrease of paw-withdrawal threshold to mechanical 
stimulation: 

1. The dramatic enhancement of bradykinin-induced 
mechanical hyperalgesic behavior also occurs when 
only the celiac vagal branches are interrupted, but 
not when the gastric and/or hepatic branches of the 
abdominal vagus nerves are interrupted. Thus, the 
vagal afferents involved project through the celiac 
branches of the abdominal vagus nerves, which in¬ 
nervate the small intestine and proximal part of the 
large intestine, and not through the hepatic or gastric 
branches. Surprisingly, the baseline paw-withdrawal 
threshold to mechanical stimulation does not de¬ 
crease when only the celiac vagal branches are 
interrupted (Khasar et al. 1998a). 


Sympatho-Adrenal System and Mechanical Hyperalgesic Behav¬ 
ior, Animal Experimentation, Figure 2 Long-term enhancement of 
bradykinin-induced behavioral mechanical hyperalgesia after vagotomy 
and its disappearance after denervation of the adrenal medullae. Base¬ 
line paw-withdrawal threshold (a), difference between baseline paw- 
withdrawal threshold and paw-withdrawal threshold in response to 1 ng BK 
injected intradermally (b), and total change of paw-withdrawal threshold 
in response to intradermal injection of 1 ng bradykinin (c) in rats before 
and 7 to 35 days after vagotomy (open triangles, n = 6), in rats before 
and 7 to 35 days after sham-vagotomy (closed circles, n = 8) and in rats 
which are first vagotomized and whose adrenal medullae (AM) are den- 
ervated 14 days after vagotomy and measurements taken up to 35 days 
after initial surgery. The latter group of animals consists of two subgroups: 
rats which are tested after vagotomy and after additional denervation of 
the adrenal medullae (closed normal triangles, n = 6) and rats which are 
only tested after additional denervation of the adrenal medullae (closed 
inverted triangles, n = 4). Ordinate scale is threshold in grams. Data of the 
sham-vagotomy and the vagotomy group of rats are significantly different 
7 days after vagotomy (P <0.01). Data of vagotomized rats with dener- 
vated AM and rats that are only vagotomized are significantly different 
on days 28 and 35 (P <0.01). Data between sham-vagotomized rats and 
vagotomized rats in which the adrenal medullae are denervated are not 
significantly different on days 28 and 35 (P >0.05). Modified from Khasar 


2. Both vagotomy-induced changes (decrease in base¬ 
line paw-withdrawal threshold, bradykinin-induced 
hyperalgesic behavior) take about 1 to 2 weeks to 
reach maximum and remain stable over 5 weeks 
(Fig. 2) (Khasar et al. 1998a; Khasar et al. 1998b). 

3. Subdiaphragmatic vagotomy does not have a sig¬ 
nificant effect on cutaneous mechanical hyperal¬ 
gesic behavior produced by intradermal injection of 
prostaglandin E2 (which is supposed to act directly 
to sensitize nociceptors) (Khasar et al. 1998a). 

Thus, the effect of vagotomy is not a general effect of 
all abdominal vagal afferents, and cannot readily be 
explained by an immediate removal of inhibition from 
the central nociceptive system (e.g. acting in the dorsal 
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horn), as predicted by the experiments of Foreman, 
Gebhart, Randich and coworkers (see above). 

Effect of Denervation or Removal of the Sympatho-Adrenal Sys¬ 
tem 

Bilateral removal or selective denervation of the adrenal 
medullae (cutting the sympathetic preganglionic ax¬ 
ons) generates a small increase in both baseline paw- 
withdrawal threshold and paw-withdrawal threshold 
to intradermal injection of bradykinin compared to the 
controls (open squares vs. closed circles in Fig. lb). Un¬ 
der this condition of defunctionalized adrenal medullae 
(i.e. when the effect of adrenaline described below has 
beenremoved),subdiaphragmatic vagotomy is followed 
by only a small decrease in paw-withdrawal threshold 
(compare open and closed squares in Fig. lb), but not 
by the large changes seen in animals with functioning 
adrenal medullae. These small changes are significant, 
with the exception of the change of baseline threshold 
in animals with denervated adrenal medullae. They can 
be fully explained by removal of central inhibition of 
nociceptive impulse transmission probably occurring 
in the dorsal horn (Gebhart and Randich 1992; Randich 
and Gebhart 1992). 

Effect of Denervation of the Adrenal Medullae 14 Days Follow¬ 
ing Vagotomy 

The data obtained on vagotomized rats argue that 
the decrease of baseline mechanical paw-withdrawal 
threshold and the enhanced decrease of paw-withdrawal 
threshold to mechanical stimulation, generated by in¬ 
tradermal injection of bradykinin, are generated by 
adrenaline released from the adrenal medullae. There¬ 
fore, it is postulated that that these changes seen in vago¬ 
tomized rats are reversed when the adrenal medullae are 
denervated, that adrenaline administered chronically 
simulates the effects, and that a chronic (3-adrenoceptor- 
blockade prevents or attenuates the effect of vagotomy. 
Groups of rats were repeatedly tested over 5 weeks 
for their mechanical paw-withdrawal threshold to 1 ng 
bradykinin injected intracutaneously (a dose that does 
not decrease the threshold to mechanical stimulation 
in normal rats with intact vagus nerves) (Fig. la, b): 
(1) Rats in which the vagus nerves were severed subdi- 
aphragmatically followed 14 days later by denervation 
of the adrenal medullae. (2) Rats which were only 
vagotomized and repeatedly tested. (3) Control rats 
which were repeatedly tested without any surgical in¬ 
tervention. Figure 2 demonstrates the results of these 
experiments for the baseline paw-withdrawal thresh¬ 
old (a), for the decrease in paw-withdrawal threshold 
to intradermal injection of 1 ng bradykinin alone (b), 
and for both effects together (c). After vagotomy the 
paw-withdrawal threshold slowly decreases, reaching 
its lowest values after 7-14 days. The reversal of the 
vagotomy effect after additional denervation of the 
adrenal medullae also has a similar slow time course 


(closed triangles in Fig. 2). Repeated testing of sham- 
vagotomized control rats over the same time period 
did not reveal a decrease in paw-withdrawal threshold 
produced by 1 ng bradykinin (closed circles in Fig. 2). 
The paw-withdrawal thresholds, 14 and 21 days after 
denervation of the adrenal medullae, are significantly 
higher than those measured in the animals that are only 
vagotomized (closed triangles vs. open triangles in 
Fig. 2). The paw-withdrawal thresholds in response to 
1 ng bradykinin at 14 and 21 days after denervation of 
the adrenal medullae in vagotomized animals are not 
significantly different from those in sham-vagotomized 
(control) animals (closed triangles vs. closed circles in 
Fig. 2). 

Chronic administration of adrenaline (10.8 |xg/h; us¬ 
ing a subcutaneously implanted microosmotic pump) 
generates the same effect as vagotomy: The bradykinin- 
induced paw-withdrawal threshold to mechanical 
stimulation significantly decreases. This decrease is 
delayed and reaches its peak effect 14 days after start 
of epinephrine infusion. After chronic infusion of the 
P2-adrenoceptor blocker ICI 118,551, the decrease of 
bradykinin-induced paw-withdrawal threshold follow¬ 
ing vagotomy is significantly attenuated. The plasma 
levels of adrenaline following vagotomy significantly 
increase 3,7 and 14 days after subdiaphragmatic vago¬ 
tomy compared to sham-vagotomized animals (Khasar 
et al. 2003). 

Interpretation of the Results 

These results suggest that vagotomy does not only 
remove ongoing inhibition of nociceptive impulse 
transmission in the dorsal horn (which is small in the 
rat model of bradykinin-induced mechanical hyper¬ 
algesia), but triggers the activation of sympathetic 
preganglionic neurons innervating the adrenal medul¬ 
lae, probably by removing central inhibition acting at 
this sympathetic pathway. This leads to an increased 
release of adrenaline from the adrenal medullae, with an 
increased adrenaline level in the plasma. Interruption 
of the sympathetic preganglionic axons innervating 
the adrenal glands stops the release of adrenaline, and, 
therefore, prevents or reverses the decrease of base¬ 
line mechanical paw-withdrawal threshold and the 
enhancement of bradykinin-induced decrease of paw- 
withdrawal threshold to mechanical stimulation. This 
novel finding implies that the sensitivity of nociceptors 
to mechanical stimulation is potentially under the con¬ 
trol of the sympatho-adrenal system, and that nociceptor 
sensitivity can be regulated from remote body domains 
by way of the brain and this neuroendocrine pathway. 
The novel mechanism has several implications and 
raises several interesting questions and problems (Janig 
et al. 2000): 

• The vagal afferents that are involved in modulation 
of hyperalgesic behavior project through the celiac 
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branches of the abdominal vagus nerves and supply 
the small and large intestines, but probably not liver 
and stomach. These vagal afferents may monitor toxic 
and other events at the inner defense line of the body 
(the „gut associated lymphoid tissue", GALT). The 
physiological stimuli activating these vagal afferents 
are unknown (Janig 2005). 

• The changes following vagotomy (decreased me¬ 
chanical baseline threshold and enhancedbradykinin- 
induced mechanical hyperalgesic behavior; Khasar 
et al. 1998a, b) are generated by the interruption of 
vagal afferents. Thus, the vagal afferents involved 
must be tonically active. 

• The mechanism of the slow time course of the 
changes of paw-withdrawal threshold is unknown. 
Adrenaline obviously has to act over a long period 
of time to induce changes in the micromilieu of the 
nociceptor population, which in turn leads to their 
sensitization (Khasar et al. 2003). It most likely 
does not act directly on the nociceptors but on other 
cells (e.g. macrophages, mast cells, keratinocytes), 
which then release substances that generate the sen¬ 
sitization. This is in consistent with the finding that 
prostaglandin Eo-induced mechanical hyperalgesic 
behavior is not changed after vagotomy (Khasar et 
al. 1998a). 

• The change of sensitivity of a population of cuta¬ 
neous nociceptors generated by adrenaline, which is 
regulated by the brain, would be a novel mechanism 
of sensitization. This novel mechanism of nociceptor 
sensitization would be different from mechanisms 
that lead to activation and/or sensitization of no¬ 
ciceptors by sympathetic-afferent coupling under 
pathophysiological conditions (see ► Sympathetic 
nervous system and pain ► Sympathetic Nervous 
System in the Generation of Pain: Animal Behav¬ 
ioral Models ► Sympathetic-Afferent Coupling in 
the Dorsal Root Ganglion, Neurophysiological Ex¬ 
periments ► Sympathetic-Afferent Coupling in the 
Afferent Nerve Fiber, Neurophysiological Experi¬ 
ments). 

• Which central pathways are involved in leading to the 
activation of preganglionic sympathetic neurons that 
innervate the adrenal medullae after subdiaphrag- 
matic vagotomy? Are only sympathetic neurons that 
innervate the adrenal medullae activated after vago¬ 
tomy or also other functional types of sympathetic 
neuron (Janig and McLachlan 2002; Janig 2006)? 
Experimental investigations performed on rats show 
that sympathetic preganglionic neurons, innervating 
cells of the adrenal medullae that release adrenaline, 
are connected to distinct neuronal circuits in the 
neuraxis, which are different from those connected 
to preganglionic neurons involved in regulating 
other autonomic functions (Morrison and Cao 2000; 
Morrison 2001). 


Conclusions 

The experiments imply that adrenaline released by the 
adrenal medullae can sensitize nociceptors. This sensiti¬ 
zation is a long-term effect and requires continuous acti¬ 
vation of the adrenal medullae. Are all or only subgroups 
of nociceptors sensitized? Are nociceptors innervating 
deep somatic tissues or viscera also sensitized? 
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I- 

Sympathomimetic Amines 

Definition 

Amines that mimic effects of agents that activate the 
sympathetic nervous system. 

► Cytokines, Effects on Nociceptors 

I- 

Sympatho-Nociceptive Coupling 

► Sympathetically Maintained Pain and Inflammation, 
Human Experimentation 

I- 

Symphysis Pubis Dysfunction 

Definition 

Separation of the symphysis pubis is a complication of 
pregnancy, with an increasing prevalence from 1 in 36 
at worst [Owens, Pearson & Mason 2002], In the past it 
has largely been ignored as a cause of painful morbidity 
after delivery. It is characterized by suprapubic pain and 
tenderness with radiation to the backs of the legs, diffi¬ 
culty in walking and occasionally bladder dysfunction. 
A clinical history is usually adequate to make the diagno¬ 
sis, but confirmation by ultrasound or radiography may 
be required. It is a condition associated with multiparity 
but the underlying etiology has not been fully investi¬ 
gated. Conservative therapy is usual with rest, binders 
and mild analgesics and complete recovery is expected 
up to two months after delivery. 

► Postpartum Pain 

I- 

Symptom Magnifier 

Definition 

A claimant whose verbal or nonverbal communications 
suggest a degree of incapacitation that appears to be ex¬ 
cessive compared to his or her medical findings, or to the 
communications of other individuals with similar med¬ 
ical findings. 

► Impairment, Pain-Related 

I- 

Symptomatic Annular Tear 

► Discogenic Back Pain 


I- 

Symptomatic Cramps 

Definition 

Cramps due to several diseases such as central and 
peripheral nervous system disorders, muscular dis¬ 
eases, vascular diseases, endocrine-metabolic diseases, 
electrolyte imbalance, toxic and pharmacological sub¬ 
stances, and psychiatric disorders. 

► Muscular Cramps 


I- 

Symptomatic Intracranial Hypotension 

► Headache Due to Low Cerebrospinal Fluid Pressure 


I- 

Symptomatic Trigeminal Neuralgia 

► Trigeminal Neuralgia, Etiology, Pathogenesis and 
Management 


I- 

Symptoms 

Definition 

Symptoms are sensations that patients experience and 
interpret as warnings that something is out of balance 
or wrong within their bodies, and those experiences are 
communicated to clinicians. The US Social Security Ad¬ 
ministration holds that no symptom can be the basis for a 
finding of disability, no matter how genuine the person’s 
complaints may appear to be, unless there is objective 
medical evidence that demonstrates the existence of a 
physical or mental impairment(s) that could reasonably 
be expected to produce the symptom. 

► Disability Evaluation in the Social Security Admin¬ 
istration 

► Hypoalgesia, Assessment 

► Hypoesthesia, Assessment 


I- 

Synapse 

Definition 

The junction where a signal is transmitted from one 
nerve cell to another, to a muscle cell or to a gland cell 
usually by a neurotransmitter (chemical synapse) but 
sometimes electrically (electrical synapse). 

► Amygdala, Pain Processing and Behavior in Animals 
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I- 

Synaptic Glomerulus 


i- 

Synergistic 


Definition 

Synaptic glomerulus is a complex synaptic arrangement 
representing a central terminal from primary afferents 
surrounded with many neural elements such as axon ter¬ 
minals and dendrites. 

► Trigeminal Brainstem Nuclear Complex, Anatomy 


I- 

Synaptic Organization 

Definition 

Synaptic organization is usually used as a morphological 
characteristic of synaptic contacts. The synapse is com¬ 
posed of different elements, which include a terminal 
axon, dendrite, dendritic spine and pre-synaptic axon. 
The number of elements varies according to the func¬ 
tion of inputs and the output information to secondary 
neurons. 

► Morphology, Intraspinal Organization of Visceral Af¬ 
ferents 


Synaptic Organization of Afferent Fibers 
from Viscera in the Spinal Cord 

► Morphology, Intraspinal Organization of Visceral Af¬ 
ferents 


I- 

Synchronization 

Definition 

Large ensembles of neurons firing at the same time. 

► Spinothalamocortical Projections to Ventromedial 
and Parafascicular Nuclei 


I- 

Syndrome X 

Definition 

Syndrome X is a condition characterized by angina-like 
chest pain and ST depression on stress ECG in patients 
that have normal coronary arteries on angiography. 

► Thalamus and Visceral Pain Processing (Human 
Imaging) 


Definition 

The action of two or more substances achieving an ef¬ 
fect greater than that possible with any of the individ¬ 
ual components, i.e. the sum is greater than the parts. 
In medicine, this refers to the potentiation of one drug 
by one or more additional agents when administered to¬ 
gether, or by a single drug at two separate sites. 

► Opioids and Reflexes 

► Postoperative Pain, Appropriate Management 


I- 

Synergy 

Definition 

Synergy refers to the combined action of two agents that 
produce an effect that neither agent could produce alone, 
or an effect that is greater than the total of those produced 
by the individual agents. 

► Drugs with Mixed Action and Combinations, Empha¬ 
sis on Tramadol 


I- 

Synovial Joints 


Definition 

A specialized joint that is characterized by opposing 
bone surfaces covered with cartilage and enveloped by 
a synovial membrane, which serves to secrete synovial 
fluid as a lubricant for the joint. Synovial joints typi¬ 
cally allow unrestricted motion and are most commonly 
found in the arms and legs. These joints are the most 
common joints to be affected by osteoarthritis. 


s 


I- 

Syntenic 

Definition 

Syntenic refers to a conserved region of chromosomal 
DNA in which two or more genes are found adjacent in 
the chromosomes of two species. 

► TRPV1 Receptor, Species Variability 


I- 

Syringomyelia 

Definition 

A chronic progressive disease of the spinal cord in which 
cavities form in the gray matter. 

► Central Pain, Outcome Measures in Clinical Trials 

► Spinal Cord Injury Pain 
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I- 

Systematic 

Definition 

Characterized by a series of orderly actions that are 
planned and deliberate: not haphazard. 

► Pain Assessment in Neonates 

I- 

Systematic Review 

Definition 

A review of the literature, in which there is a clearly for¬ 
mulated question, and systematic and explicit methods 
are used to identify, select and critically appraise rele¬ 
vant research, and to collect and analyze data from the 
original studies that are included in the review. (Petitti, 
1994). 

► Lumbar Traction 

I- 

Systemic Lupus Erythematosus 

Synonyms 

SLE 


Definition 

Systemic Lupus Erythematosus (SLE) is a systemic au¬ 
toimmune disease with antinuclear antibodies and mul- 
tilocular manifestations, caused by a thrombotic vasopa- 
thy or antibodies interacting with cell membrane func¬ 
tion. 

► Headache Due to Arteritis 


I- 

Systemic Morphine Effects on Evoked 
Pain 

► Opioids, Effects of Systemic Morphine on Evoked 
Pain 


I- 

Systems Theory 

Definition 

Principles, models, and laws applied to the interrelation¬ 
ships and interdependencies of sets of linked compo¬ 
nents that form a system. 

► Assessment of Pain Behaviors 








